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Preface 


T he 6th Asian-Pacific Regional Meeting on Astronomy of the International 
Astronomical Union was held during 16th ~ 20th August, 1993 at the Inter- 
University Centre for Astronomy and Astrophysics (lUCAA) in Pune, India. 
Jointly hosted by lUCAA and the National Centre for Radio Astrophysics (NCRA) of 
the Tata Institute of Fundamental Research, the meeting was attended by over 300 
astronomers and astrophysicists from 20 countries; about 200 of them from the host 
country. 

The scientific programme of the meeting was divided into seven broad areas covering 
a wide spectrum of topics in astrophysics. Plenary sessions consisting mainly of invited 
talks on various themes were held in the forenoons and two parallel workshop sessions 
were generally held in the afternoons. The workshops consisted of a mixture of invited 
and contributed papers as well as poster presentations. Apart from the scientific 
workshops, there were discussion meetings on astronomy in Antarctica; regional 
co-operation in astronomy and on the teaching of astronomy. Other important 
scientific events included invited discourses to commemorate two welhknown Indian 
names in astronomy and astrophysics, viz., Meghnad Saha and Vainu Bappu. The 
Meghnad Saha centenary lecture was delivered by D. DeVorkin, titled ‘Sn/in'.v Influence 
on Modern American Astrophysics", and the Vainu Bappu lecture was delivered by Tom 
Gehrels on the topic "The Beauty and Danger of Comets and Asteroids', 

We are indebted to the authors of all the papers presented at the Meeting the 
proceedings of which comprise this book. A large fraction of the poster papers is 
included in the proceedings though only in the form of abstracts. We are thankful to the 
co-ordinators of different workshops for their help in reviewing and selecting the 
posters for inclusion in the proceedings. 

We would also like to acknowledge the financial support provided for the meeting by 
the International Astronomical Union, the Third World Academy of Sciences, the 
University Grants Commission and the Department of Science and Technology of the 
Government of India. 

Our grateful thanks to the Indian Academy of Sciences and the editorial board of the 
Journal of Astrophysics and Astronomy for agreeing to bring out these proceedings as 
a Supplement issue. 


V. K. Kapahi, N. Dadhich, G. Swarup & J. V. Narlikar. 
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Supplemcnl to J. Astmphys. Astr, (1995) 16, 1 34 


The Beauty and Danger of Comets and Asteroids 
Vainu Bappu Lecture 


Tom Gehrels University of Arizona, Space Science Building, Tucson. Arizona H5721, USA 

Abstract. This paper follows the transcribed text of the Vainu Bappu 
Lecture presented on 17 August 1993 to the 6th Asian-Pacific Regional 
Meeting on Astronomy of the International Astronomical Union. The 
topic is on comets and asteroids, the role they played in our origins, and 
the danger of impacts still today. There is more beauty than danger, as 
even the hazards are being brought under control. Astronomers are in the 
lead, because the menacing asteroids have to be discovered first, which is 
done with optical telescopes. 

Keywords: Comets asteroids CCD. 


1 first met Vainu Bappu m 1952, long ago, but clearly remembered as he made 
a distinct impression. 1 hat happened m Pasadena, California, where he was a Re¬ 
search Associate. He had broad interests, not just in science but also in his country 
and its progress after Independence. I had been in India and he invited me to come 
back, as have his successors, for which I am deeply grateful, and for the opportunity to 
deliver this lecture in memory of Vainu Bappu. As a student he had discovered 
a comet and computed its orbit. He would have enjoyed being here, participating in 
these thoughts about the beauty and danger of corryets and asteroids, as I am inviting 
you to do now. 

Danger, yes. It is real and it is frightening. But even within that danger lies a beauty 
because we are on our way to solving the problem. It is a major problem for humanity, 
but we are beginning to take care of it It may even become an example of solving 
global problems. The interesting part for us as astronomers is that we are in the 
forefront of the solution because the dangerous objects have to be found first, and that 
is an astronomical challenge. It is discussed in detail in the book Hazards Due to 
Comets and Asteroids that I am editing (Gehrels 1994), as are some answers to the 
question of what tc» do if we find a dangerous asteroid. 

The greatest beauty, however, lies in our research as astrophysicists. The comets 
and asteroids are left over from their participation in the formation of the solar 
system, as a part of the aggregation of dust and gas from the interstellar medium. The 
Milky Way is seen because of its many stars, but there also are dark regions where 
starlight is obscured by opaque clouds of gas and dust (see Fig. 1). The individual 
particles are so small that if you had one in your hand, your eyes would not be able to 
resolve it because its size is near a micron, a thousandth of a millimeter. From such 
nebulae, the stars are formed, and so was the solar system. The mechani.sms are 
complex; they are described in the book Protostars and Planets III, edited by Levy 
and Lunine (1993). 
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Figure 1. The 'North America' nebula. 


The solar nebula had, among its dust and gas, nature's next step up in size that we 
refer to as a planetesimal, of kilometer dimensions. Yet later in solar-system formation 
we call it a comet or asteroid. The Earth was formed by the accumulation of dust and 
gas and planetesimals; the bombarding accretion increased progressively as Earth’s 
mass and gravity increased. Some awesomely noisy spectacle that must have been! As 
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the impacts became more energetic, the temperature increased and in the end, the 
Earth probably was a molten globe. The bombardment slopped when the material of 
the inner solar nebula was used up. This occurred gradually some 4,tXX> million years 
ago. A cooling stage followed, from the outside inward, with the crust of the Earth 
solidifying. Yet other waves of impacts followed later when the outer parts of the solar 
system were taking final form. Comets and asteroids had made the cores of the outer 
planets, which then completed their accretion mostly with gas, to become the gaseous 
giants Jupiter, Saturn, Uranus and Neptune. 

Eventually, a steady stale was reached in the solar system with the asteroids left 
over in the main belt, generally between 2.2 and 3.3 astronomical units (AU; sec 
1 ig. 2). Thai is in the inner part of the solar system where, with the Sun coming on 
through the clearing space, temperatures had been rising such that the volatiles and 
gases had evaporated; asteroids consist mostly of sandy silicaceous materials (Eig. 3) 
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Figure 2. The asteroid belt and a few planet-crossing asteroids. 
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Figure 3. Asteroid (951) Gaspra, observed by the Galileo spacecraft in 1992. 
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In the cuter parts of the solar system, at distances on the order of AU, a storage 
remained for cometary cores that we call the Oort Cloud, after Professor Jan Oort, who 
derived this model in a classical paper. The cloud is tenuous, but large, having some 
10' ^ objects (see Fig. 4). Because of low temperature at this great distance from the Sun, 
they still contain snows, gases and ices among the dust. We call them dirty snowballs, 
that probably are dark aggregates of hundreds of kilometer-sized planetesimals 
tenuously held together; their composition is mostly carbonaceous, organic. 

Back on Earth, we see in the geological layering successively the slow stages of 
making primitive life, followed by, about 400 million years ago, the onset of rapid 
evolution of more advanced species. Larger mammals appeared, like the dinosaurs, 
who roamed the Earth for some 200 million years. And then, in a few-thousand years, 
they were gone. It has now been fairly well proven that their demise was due to impact 
of an asteroid or comet about 12 km in diameter. From where had it come? 

The orbits of the comelary nuclei in the Oort Cloud may be perturbed by the 
gravitationdl'attraction of stars or massive nc-biilae passing by the solar system 
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Figure 4. A comparison of the distance.s to a few of the nearer stars with the size of the Oort 
Cloud of comelary nuclei surrounding the Sun. This figure is reproduced from the back of the 
book edited by Smoluchowski ei al. (1986). 
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(Fig. 4). The effects of such distant encounters have been modeled to show that the 
cometary orbits may be decircularized such that they come towards the inner part of 
the solar system. We can then see them as active comets: as they come closer to the 
heal of the Sun, evaporation of the contained gases and volatiles brings forth the 
coma and tails (see Figs. 5 and 6). When the material heats up, the gas comes out of 
the nucleus in huge jets as from a jet engine or a volcano. Together with the gases, 
dust particles are thrown out so that a dust tail as well as a tail of ionized gas may 
be seen. 

Returning to the asteroid belt, its members generally have stable orbits, but there 
are so many of them that collisions occur. If such collisions take place where there are 
rhythmic resonance encounters with Jupiter, complex interactions take place. Jupi¬ 
ter s gravity causes the collisional fragments to be either tossed out of the solar system 
or to be brought into elliptical orbits toward the inner regions of the solar system, the 
domain of the terrestrial planets. 

This is a steady state again, with a balance of supply and demand. The supply is due 
to the collisions and perturbations, while the demand is caused by gravitational 
collection of the planets. The lifetime of comets and asteroids that approach the Earth 
is typically 10^ years. Eventually they will all collide anyway, with either Mars, the 
Earth-Moon system, Venus, or Mercury. 

So, the primary beauty of comets and asteroids is that th^y participated in the 
original formations, in our very own origins and well-being. Without them, we would 
not have had this Earth, we would not have been here ourselves. The subsequent 
beauty is that the Darwinian gradual evolution of life was impacted. Discontinuities, 
mass extinctions, are seen in the geological record. For instance, the voracious 
dinosaurs were eliminated so that our type of mammals had a chance to evolve, and 
here we a re. 

A further beauty lies in the opportunity for sending space missions to comets and 
asteroids, eventually landing on them, sampling their surfaces for detailed study. This 
is treated in the book Resources from Near-Earth Space (Lewis et ai 1993). The first 
mission to a near-Earth asteroid is called ‘Clementine’, to fly by the Moon and by 
Asteroid (1620) Geographos in 1994. There is a need for more target candidates, 
particularly with a low differential velocity, a low della-V, between the objects in its 
elliptical orbit and the Earth in its nearly circular one. In August 1993, we knew of 
only 180 objects that may come close to the Earth, and these would mostly require 
exorbitant amounts of fuel for an extended encounter, a 'rendezvous’ with the space¬ 
craft. Much more work at astronomical telescopes is needed in order to find suitable 
targets. 

My final beauty is a simple one to behold: it is fun to hunt them. It is a challenge to 
develop new techniques for finding the elusive bodies. The discovery of new objects, 
new types of objects, brings unforgettable moments for the observer! 

In 1969 the idea sprouted to build a telescope that would be dedicated to the small 
objects in the solar system, the comets, asteroids, and satellites. A most encouraging 
colleague is Aden Meinel, who was then Director of the Optical Sciences Center of the 
University of Arizona. For instance, he helped in the acquisition for India of the 1.2-m 
telescope at Osmania University, which may now also be used for the ‘Kalki Program’ 
to observe asteroids (Table 1). In 1969, Meinel acquired for our telescope a 1.8-m 
mirror blank, a reject or surplus from a ‘spy in the sky’ type of program, but a precious 
piece of optics, as it is of lightweight construction made of lowest expansion material, 
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Figure 5. The nucleus of periodic Comet Halley, from images made by the Gioiio spacecraft 
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Figure 6. Penodic comet Mrkos. 
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Tabk 1. Overview of personnel for CCD scanning. 


T. Gehrels 

Observer, Pnncipal Investigator. 

R. S. McMillan 

Instrumentation. 

M. L. Perry 

Engineering. 

J, V. Scotti 

Observer, Astrometry. 

R. Jedicke 

Observer. Analysis, 

T. H. Bressi 

Student Assistant. 

T. C. Metcalfe 

Student Assistant. 


quartz! I had it sagged to f/2.7, but that is as far as we got. The idea of a dedicated 
Asteroid Telescope was too far ahead of its time; few people were active in these fields 
at that time. When it became obvious that there was not going to be an Asteroid 
Telescope very soon, Aden borrowed the mirror back for the Multi-Mirror Telescope 
(MMT; see Fig. 7). It was used for at least a decade in the MMT, biding its time to 
work on exciting objects.. asteroids! For that it was returned in January 1993, when 
we were indeed beginning to build the dedicated F8-m Scannerscope. 

To develop scanning techniques with charge-coupled devices (CCDs), a venerable 
0.9-m Newtonian telescope had been made available in 1981 (see Figs. 8 10). The 
background of this program and studies of comets and asteroids are discussed in 
Gehrels (1988). It was the original Steward Observatory Telescope erected in 1921 on 
the campus, and moved to Kilt Peak in 1964, We now call it the ‘Spacewatch 
Telescope' (see Gehrels 1991). On Kilt Peak, 50 km west of Tucson, there are some 19 
telescope systems in operation, mostly under the control of the Kitl Peak National 
Ob.servatory. The University of Arizona has a site of its own for a few telescopes such 
as the 0 9-m Newtonian. 

The crew for asteroid work is shown in Table I. It is a small team, but dedicated to 
not only keeping the 0.9-m in opieration 18 nights per month, but also to guiding the 
fabrication of the 1.8-m Spacewatch Telescope. For the latter, Mr, Larry Barr joined 
us who is a senior telescope designer with a fine record at Kilt Peak, Mauna Kca, and 
other observatories. 

An early design for the 1.8-m is shown in Fig. 11, namely as a straight 
prime-focus reflector. Because of shortage in funding, we make the telescope more 
compact as seen in Fig. 12. It saves in cost, particularly in the size of the dome .seen in 
Fig. 13. The result is a folded prime focus' which is accomplished with a flat mirror at 
the top, 76 cm in diameter. This causes a light loss of about 6% more than would have 
been obscured at straight prime focus, the price we will have to pay indeflnilely for an 
affordable telescope. It is a stiff structure allowing observations made into 60 km^^r 
winds, which occur at Kitt Peak particularly in the spring. Neither could we have 
executed the imaginative design by Mr. Barr, of Fig. 14. So, it is hereby left for 
posterity. 

In addition to the small crew, Spacewatch has collaborations for the interpretation 
of its observations [Table 2; sec Gehrels (1991)]. A present collaboration concerns our 
findings in the outer parts of the solar system (described below); it is mostly done by 
James Scotti in a Ph D. Program with Mark Bailey at John Moores University in 
Liverpool. England. Another active collaboration is with David Rabinowitz, who 
used to be a Research Associate at Spacewatch, after which he moved to the Carnegie 



lU 


i om Gehrels 





Figure 7. The Multi-Mirror Telescope on Mount Hopkins, Arizona. 


Institution near Washington, D.C.; his work is on the 10-m objects found near the 
F’arlh (also described below). Let me now describe the work at the 0.9-m Spacewatch 
Telescope. 

At the north port of the Newtonian telescope, McMillan et al. (1994) take the light 
into a fiber down to a temperature-controlled spectrometry room on the ground floor. 




Figure 8. A partial view of Kut Peak with the Arizona area m the foreground, the domes of its 2.;-m and 0 9 m telescopes 
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Figure 9. The 0.9-m Spacewatch Telescope. 


This is done during about nine nights centered on full moon each month for their 
program of determining radial velocities of stars that may show a periodicity due to 
he rotation about them of a massive planet. In addition to the fiberhead of McMil- 
an’s planet detection program, we have a dewar, also permanently installed, on the 
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P^igure 10. The Spacewalch Telescope al night. 


south port (Fig. 15). This contains a Tektronix 2048 x 2048 CCD of about 70% 
quantum efficiency with pixel size 24 microns. This is for the discovery of asteroids 
and comets. 

The automatic detection has required about eight man-years of computer program¬ 
ming. The charge-coupling propierty of the CCD is used to transfer the charges from 
row to row when the telescope drive is turned off whereby there is a scanning on the 
sky. The full width of the CCD thereby moves across in 146.53 .seconds, at zero 
declination. The principle is that of a ‘bucket brigade' in firefighting, handing over 
from the pixel capacitors the light converted photo-electrically into charges. From the 
last readout row, the end register, the data are read into a Solbourne Sun-Station 
system. Three scans are made for each region on the sky, of about half a degree width 
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Figure 11. An early design of the 1.8-meter alt-az Spacewatch Telescope. 

and usually about 10 degrees length. In intricate bookkeeping, the computer lists the 
pixel coordinates of as many as 40,000 stars and asteroids in the scan. By comparing 
the listings obtained during the three scans, the computer finds the moving objects. 
There also is a routine for 'streak detection of the very fast-moving objects that will 
make a trail on the exposure of 146.53/cos S secs duration. In addition, the observer 
watches the scan go by, because the human eye is so efficient at discovering very faint 
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Figure 12. The 1.8-m SpLicewalch Fclescope in its Toldcd prime focus’ conhguralion. 

trails. While the computer is set to discover trails down to a level of confidence or 
precision of 3.5-sigma, long trails are reliably recognized by eye and brain even at the 
1-sigma level. 

The work schedule of the observer is demanding. On a winter night he gets into the 
dome by about 6 p.m. and is finished by about 6:30 a m. It is a vigilant operation with 
little time off. The first and second .scans are watched carefully, looking for faint trails 
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I ijjurt' 14. An c'lirly design ol the shelter for the l.H-m Spaecwiiteh 1 clcseope, a liuss-mounted, 
2-a\cs rotating cnelosurc (L. I) Harr, personal eornmunication, 19h3) 


and comets. The third scan is exciting because of the new discoveries by the motion- 
deteebon routine, and visually deciding against the reality ol about one-third of the 
new discoveries reported by the computer. We could diminish the computer errors by 
selling the sigma level of detection higher than 3.5 sigma, but that could be at the cost 
of losing a real discovery. At 7 a.m. the computer begins the analysis of the discoverFes, 
by calling up snapshots for each one of the discovered objects (Fig. 16). This is a large 
number, for a good winter’s night on the order of 4500 snapshots. The observer then 
needs several hours in the daytime to sort out the discoveries, which becomes a thrill 
when a special object is discovered. That could be a comet, or a near-Tarth object, or 
a distant one such as the so-called Centaurs that move in the space of Salurn-Neptune. 


18 


Tom Gehrels 


Table 2. Overview of Spacewatch collaborations. 


Identification 


Collaborators 


Planet detection 

Gamma Ray bursters 

Satelbtes of asteroids 

Synchronous debris 

Search for planet X 

Brown dwarfs survey 

CCD scanning on spacecraft 

Astrometry 

Comet recovery 

Comet diameters 

Orbit software 

Follow up 

Project Kalki 

Cometesimals 

Comet trails 

Arjunas 

Centaurs 

P/Shoemakcr-Levy 9 


R. S. McMillan. 

N. Gehrels. 

J. D. Drummond. 

F. Vilas. 

J. D. Anderson. 

F. .1. Low. 

M. Ya. Marov. 

B. G. Marsden. 

B. G. Marsden. 

F. Roemer 

D. J. Tholen. 

E. L. G. Bowell et al. 
R. Rajamohan. 

L. A Frank 

M, V. Sykes. 

D. L. Rabinowitz. 

M. E. Bailey. 

H. J. Melosh. 


During a good winter’s night as many as nearly a thousand asteroids in the main 
belt may be discovered. Their positions, which are good to about ± 0.5 arcsecs, are 
put on e-mail to whomever wants to receive this information. We ourselves arc not 
following up astrometrically on these asteroids; we do that only for the special objects. 

To distinguish the object’s distance from its rates, wc use a simple principle, which is 
best illustrated by an airplane flying nearby where it has great angular velocity. When 
it flies at greater distance, it has a lower angular rate, even when its linear velocity is 
the same. Similarly, when a comet or asteroid is at great distance from us, its angular 
rate is low. Eixcept for a very close object that makes a long trail, the observed motion 
is primarily a reflex of the Earth’s predominant angular velocity. So, by observing the 
angular rate, a first indication is obtained of distance. This works only near opposi¬ 
tion, the direction opposite the sun, but there it works quite well as is shown in E ig. 17 
(Rabinowitz 1991, 1993). 

F igure 18 shows a screen typical for a part of a first or second scan. Some of the 
stars are so bright that their light appears to spill over into adjacent pixels so that they 
appear large. Their images are not round but show four peaked extentions which are 
diffraction spikes from the support vanes of the Newtonian secondary mirror. The 
bright vertical lines are due to hot pixels, while there also arc a few dark lines due to 
dead pixels: 

Figure 18 has a bright trail of an asteroid that moves so fast that it produces a trail 
in the 146.53/cos ^ secs exposure time. Since the trail is brighter than the limit set for 
the computer, the \streak detection’ software recognized this object, 1992 JD. F^igure 18 
also shows that we can make a snapshot in order to keep the image for detailed 
inspection after it has scrolled off the screen. The rates of motion are computed so that 
the observer can find the object again in a new set of scans. Of course, the direction of 
motion is not known, and both directions may have to be tried before the object is 
recovered. 
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Figure 17. Hxpccled angular rates of ^'ari()lJs asteroids. The dashed lines bound on the Icfl the 
area for Earlh-approachcrs. Other asteroid groups represented are, from right to left: Irojans, 
Hildas, and the ones in the main belt. The ernes distnhiite i over high rates in ecliptic-latitude 
rales are the Hungaries. 


Trail-detCLTion-by eye has yielded the sniailest, closest and fastest object that we 
have found so far, 1993 KA2, which moved 29 degrees per day when it was discovered, 
but only 12 deg/day at the end of that night of May 21, 1993. If the discovery scan had 
been made only about 43 minutes earlici, the object would have moved 45 deg/day, 
too fast and too faint to have been seen at all. This behavior is understood by 
considering the airplane again, now flying overhead at high angular rate, which 
diminishes as it disappears in the distance. Indeed, the afternoon before that night, 
1993 KA2 came to its closest distance to the I’arth, about 150,(KK) kilometers, 
travelling at a rate of 12 degrees per hour. The diameter of 1993 KA2 is about 
6 meters, a parameter we know only to within some 4 50% because we do not 
determine reflectivities. I he object could be of a carbonaceous type of material, quite 
dark, and then have a diameter of 9 m. or it could be bright as a more silicaccous type, 
and it would be only 3 m. These compositional types arc determined in surface 
spectrometry with special equipment and at large telescopes. Such determinations are 
made by a few experts; they have identified several dozens of different materials by 
comparison with meteorites. 

Figure 19 shows a third CCD scan. An image that may have looked stellar has been 
identified as belonging to a moving object, with a square around that image. The 
computer also draws two other squares, for the positions of the object in the previous 
scan and in the scan before that, respectively the second and first scans. For further 
reference and inspection, the object is kept in the image gallery, below' the star field. 
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Figure 18. The discovery of Apollo Asteroid 1992 JD. 
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Figure 19, The discovery af Apollo Asteroid 1991 V^G. 
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and Ihe computer provides other parameters such as the rate of motion in ecliptic and 
equatorial coordinates, and a brightness parameter. The position is computed by 
comparison with certain stars in the field for which the coordinates are provided by 
the Guide Star Catalog of the Hubble Space Telescope. The scans, typically 10 degrees 
long and half-a-degree wide, have several dozens of stars from that catalog. 

Figure 19 shows the discovery of several main-belt asteroids and then another one 
is seen at wider spacing; this is the near-Earth asteroid 1991 VG. It is the one we are 
not entirely certain of, as it could be a man-made object. It has by far the lowest 
dclta-V of all, as it is in a circular orbit closely resembling that of Earth. 

Our scientific results of Spacewatch are, of course, the most important. Dozens of 
publications, by us and others, have already appeared. Soon after the automatic 
detection began, we found ssmall objects, smaller than 100 meters in diameter, more 
rapidly than predicted. This is seen in Fig. 20 which shows an extrapolation of the 
size-frequency relation for the near-Earth asteroids over the range of 0.3-10 km. For 
the large asteroids, the points were determined from Shoemaker and Spacewatch 
data. The extrapolation with the straight solid line caused us to expect a certain rate of 
discovery for smaller objects. Instead, the frequency seems to be taking olT beginning 
at about 100 meters; we arc finding an extra large number of asteroids of the smaller 
sizes. That it is a large effect is seen in the logarithmic ordinate scale such that at the 
7-m size we are finding 40 times the expected numbers. 

We actually observe magnitude-frequency relations, and the transformation to sizes 
depends on an adoption of the reflectivity for an average composition. Essential for 
the interpretation of Fig. 20 is that the same reflectivity is used for the smaller as for 
the larger objects. It is known from military reconnaissance (Tagliaferri et cii 1994) 
that objects of 10-m size hit the Earth's atmosphere a few times per year. However, 
most of them do not penetrate the atmosphere. Only the metallic ones come through 
to make craters, as observed by Gene and Carolyn Shoemaker, who not only arc 
active as astronomers in finding these objects at Palomar (Table 4), but also as 
geologists in exploring the frequency and composition of objects that made well- 
preserved craters in the Australian deserts. 

We already have a name for that exceptional population of small objects, namely 
the Arjunas after the Pandava prince in the Bhagavad Gita, in the discussion of our 
dharma, a determination to see our predicament through. Concerning the hazards, 
the predicament is to find and study these objects, and to build the best possible 
telescope. 

The excess has been summarized by Rabinowilz et al. (1993), but a referee objected 
to the name Arjunas as it has not been approved as yet by the International 
Astronomical Union. About the origin of the Arjunas we are divided ourselves. Four 
different origins are being considered. There is a possibility that these objects arc- 
boulders, boules, being ejccled by comets. Around volcanoes on the Earth, boules are 
found, round objects of similar size near 1/3 m in diameter. Perhaps for the comets the 
same could happen. In comparison with the cometary conditions of low density, near 
0.1 gm/cm \ a 10-m size might be expected. 

These objects could be secondary debris from the Moon, Mars, or from secondary 
co’lisions of the near-Earlh objects. First, the collisions in the asteroid belt occur, and 
Jupiter brings the fragments to the inner part of the solar system. The magnitude- 
frequency relation follows the one expected for fragmentation, even in the case of 
a hammer hitting a rock and breaking it up in small pieces. Towards smaller sizes 
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Figure 20. Rate of terrestrial impacts as a function of diameter, or mass (Rabinowitz 1993). 


thorc is a rapid increase in the number of objects, a factor of 2.5 per astronomical 
magnitude. At about the K)-m size, the collision probabilities among themselves 
are suflicient to get secondary collisions in less than 10^ years, appreciably less than 
the lifetime of the solar system. Near-Earth asteroids show a preference for having 
perihelia near the E>arth or Venus. In other words, it appears that in addition to 
Jupiter also the receiving planets Earth and Venus play a role in the gravitational 
interaction with planet-crossing comets and asteroids. 

Another major result of the Spacewatch program is the discovery of two objects, 
(5145) Pholus and 1993 HA2, with a semiinajor axis near 22 AE, eccentricity about 0.6 
and inclination near 20 degrees. They are in chaotic orbits; a chance encounter with 
Uranus, for instance, can greatly atTect the orbit (Bailey et aL 1992). The surprising 
result is that they are by far the most reddish objects m the solar system, which is 
interpreted with tholins, organic material, on their surface. They differ from (2060) 
Chiron which is not so reddish and has a more circular orbit, near those of Saturn and 
Uranus. Chiron had, witii number 2060, received an asteroid identification because at 
first no evidence of coma was found. Several years after its discovery, however, 
cometiiiy activity was observed so that Chiron is now considered to be a large comet. 

The Spacewatch crew has had excitement with periodic comet Shoemaker-Levy 9. 
Figure 21 was a startling picture the likes of which had not been known before. It was 
found by Gene and Carolyn Shoemaker together with David Levy who is known as 
the biographer of Tombaugh and Bok (Levy 1991, 1993) and as a great discoverer of 
cornets. Immediately after the discovery they called Jim Scotti at the Spacewatch 
Telescope, who verified that it was a cometary object. Its dust is seen to the one side in 
Fig. 21, which is brighter than the other. Over three months, we obtained a set of 
observations, of which Scotti and Melosh made an an;.lysis (1993). The nodules kept 
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Figure 21. I*cri(Hiic C ornel Shoemaker-Levy 9. 


stretching hirlhcr apart, and this was projected backwards. The nodules were together 
at a distance of only 1.6 kilometers at the lime of the closest approach to Jupiter, on 
July K, 1992. T his therefore indicates at least a lower limit to the diameter of the 
original comet, which apparently broke up at the closest approach to Jupiter. The 
original comet had come too close to Jupiter, within the so-called Roche lintit named 
after a Frenchman who studied such etlccts first. Comets generally have very low mass 
density, 0 1 gm/cm^ (Melosh and Schenk 1993). When the comet got too close, it was 
pulled apart by the dilTercntial gravity of Jupiter, which is known to depend strongly 
on the distance from Jupiter, with the third power of the distance. An indication that 
the analysis is correct follows from the alignment of the nodules at the time of the 
ch)sesl approach, pointed toward the center of Jupiter, an orientation that was 
maintained in space. 

This analysis is, however, an issue of lively discussion among various scientists. If 
the comet had an appreciable rotation, then the objects could have flown farther 
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apart. In summary, it appears that the size of the original comet is at least 2 km, but it 
could be as large as 10 km. From the observations in 1993 it was also derived that the 
nodules will hit Jupiter within six days centered on July 21, 1994. The effects on the 
Jovian atmosphere may be observable from the Galileo spacecraft and also, but at low 
resolution, from Voyager II. Soon after the event, the rotation of Jupiter will bring the 
impact area into view from Earth. So, in our lifetime we will be observing an impact 
on Jupiter. How about impacts on Earth‘d 

Concerning the hazards due to comets and asteroids, it is an unpleasant topic that 
we became aware of slowly. I have been showing Table 3 for 15 years, but it is only 
during the last few years that 1 really began to realize the horror of such impacts. This 
tardiness seems rather naive now. The hazards have always been with us! Meteorites 
have come falling down such as at Dhajala, west of Ahmedabad. India (see Fig. 22). The 
school declared a holiday after the noisy crash and break-up of the object, and the 
children searched the area. Even though it was a stony meteorite, which looks similar to 
rocks, these children know the desert so well that they found a large number of the pieces. 

Figure 23 shows a physician with his patient in Alabama in 1954. She had been hit 
by a meteorite while lying on the sofa in her living room, hurt quite badly as you can 
see. The funny story about this is that she wanted to keep the meteorite, but she was 
living in a rented house and its ow ner, pointing at the holes in roof and ceilings, also 
made a claim so that he could sell it to recover his expenses. A court session was 
scheduled at which the State of Alabama reportedly entered a claim that this was an 
act of God, the State represents such High Authority, so the State should have the 
meteorite. The judge w isely assigned the meteorite to the woman because she had the 
mosi intimate knowledge of it. 

As we move on to larger impacts, there is the crater in Northern Arizona (Fig. 24). 
When you come to Arizona, don't just go see the Grand Canyon, but also walk 
around this crater for a memorable experience. It was made by a 35-m metallic object 
some 30,000 years ago. The kinetic energy was about KK) ‘Hiroshimas’, ICK) times the 
energy used at Hiroshima in August 1945. I use the Hiroshima comparison with due 
respect for the horror of that event. An asteroid impact w ould not have the radiation 
effects that were so terrible in Hiroshima and Nagasaki. 

Another reminder of collisions is the one at Tunguska, Siberia, in 1908 (Fig. 25), 
with a blast in the upper atmosphere that was heard as far away as London. 
I ortunately, no people were killed. This would have been different if it had been over 
the cities shown in Fig. 25, which would have been obliterated by the blast and 
subsequent fires. 

Table 3 shows the statistics of the hazards: it is only approximately correct, but the 
numbers are given to be easy to remember. We know the statistics a little better such 


Table 3. Approximate .statistics for the larger near-earth objects impacting 
on Earth. 


Diameter 

Number 

Impact probability 

Impact energy 

(kilometers) 

of objects 

(years between impacts) 

(Miroshima.s) 

10 

10 

10" 

10'^ 

1 

1 sm 

10" 

10" 

0.1 

I(K),(X.K) 

10" 

10^ 



28 


Tom Gehrels 



Figure 21. School children near Dhajala village, India. 
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Figure 23. The only documented case of a meteorite hitting a person, namely at Sylacauga, 
Alabama on 30 November, 1954. 


that it may not be exactly 1,000 that are larger than 1 km; the number presently stands 
at 1,700± 500. The largest near-Earth asteroids are about 10km in diameter. That is 
good, because the ones in the main belt between Mars and Jupiter orbits are as large 
as 1,000 km and if any one of those would hit the Earth, life would have been entirely 
obliterated. Furthermore, the observation that the largest are near 10 km appears to 
confirm that we are dealing with fragments, from collisions in the asteroid belt. 

The number of years between impacts of 10-km objects has been modeled by 
various scientists at approximately 100 million years. But please do not say that if 
something like this happens only once in a l(X)-million years, you are not going to 
worry about it. It is merely a statistical expression. The chance of it happening 
tomorrow is just as great or just as small as some tomorrow 100-million years from 
now. F urthermore, it is essential to take the last column into account, which gives the 
impact energy. It is straightforward to compute the kinetic energy, 1/2 mv^, assuming 
a density typical for meteorities of 3 gm/cm^. Again, 1 compare with Hiroshima in 
1945 (5 X 10^^ ergs, 13,000 tons of TNT), as this seems the only way to give people 
a feeling of the calamity. 

As we move down in Table 3 to a factor of 10 smaller in size, the number increases 
by a factor of 100. This is well established for the magnitude-frequency law in the 




F igure 24. The Meteor Crater in northern Arizona. 
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Kigiin.' 25. The Tunguskii inipacl area c^Miiparcd with those ol New York C ity and Washing¬ 
ton, I).C. (J. Pike, pct\ional cominuniealivni [-or Tungiiska the directions of the telled 

trees are indicated. 


’asteroid belt, and it is also theoretically understood as the (VaginenUition law. A first 
indication lor the near-Larth objects themselves, confirms this, as is discussed with 
Pig 20. 

That middle line of T able 3 is considered to separate global and regional disasters. 
Modeling, by various groups ol scicntists, ofdisasters and consequences indicates that 
the asterotds larger in diameter than about 1 km, depending on composition, can 
cause global devastation; the smaller ones, for instance the ones of Arizona and 
I unguska, cause only’ limited devastation. 

What do we mean by a global hazard? An extreme case has been studied in detail. Jt 
happened 65 million years ago, clearly marked by a disconlmuily in the geological 
strata between the Cretaceous and the Tertiary periods. It is referred to by Cierman 
initials as the K- T event. After years of searching, the K T crater was identified. It is 
3S0km in diameter in the Yucatan Peninsula of Mexico, the largest crater found on 
p-arth or Moon. The impact explosion of the 12-km object threw enormous quantities 
of dust from the ground, and some from the object itself, up high into the Earth's 
stratosphere. First, there was total darkness for at least half-a-ycar, during which most 
of that dust settled in a hiyrr a few centimeters thick between the Cretaceous and 
Tertiary deposits. T he composition of that layer has been identified as non-terrestrial. 
Below it, the evidence for dinosaurs is found. Above it, three-fourths of previously 
living species are now missing The dinosaurs too? 

It was an exceptionally large object and an exceptionally bad place for an impact, 
namely within only about 2% of the Earth's surface having a deep layer ol limestone. 
The 2% occur in equatorial regions, wdiere 2(X) 4(M) million years ago there had been 
tropical rain forests. Another example would be the Barrier Reef of Australia. By the 
impact explosion, the carbon and nitrogen in the limestone were brought into the 
Earth’s atmosphere where they combined with the oxygen into CO 2 etc., the gases 
that cause greenhouse eflects. That global warming was to at least 10 degrees 
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Centigrade, lasting a few-thousand years. That finally is the answer! Paleontologists 
had been arguing that ihc dinosaurs were extinguished over thousands of years, not in 
that first half-year of darkness. Plankton, for instance, could have been eliminated by 
the darkness, bul nol the large and tough animals like the dinosaurs. 

It is all being studied in further detail, and summarized in the book Hazards Due to 
Comets and Asteroids (Gehrels 1994). Study meetings have been held, at Aspen, 
Colorado in 19SI, and four ofher conferences, 1991 1993. The Hazards book appears 
in the Space Science Series of the University of Arizona Press, designed to produce 
texts for advanced graduate students and source books for scientists and engineers. 
Some of the special procedures are to combine authors from various backgrounds to 
write a certain chapter together, and this is followed by helpful refereeing and editing. 
This book has 46 chapters with 120 participating authors, about half of them 
planetary scientists, and the other half not. They bring a wide experience in the 
detection and mitigation of these objects, their statistics and characteristics, and 
a variety of techniques that could be used to avoid a disaster. The required energies 
are large because the square enters in of the velocity of the impactor, about 20kms 
per second. The tremendous energies needed to push the thing aside may require more 
than conventional explosives. When the warning time is short, and the masses are 
always large, a small engine on the asteroid or even chemical explosion may nol be 
sulhcienl. We may have to resort to the greatest forces that can be unleashed, nuclear 
weapons, neutron bombs. We therefore asked, already in 19S1, the people familiar 
with nuclear engineering to help us with these problems. There is sufficient clarity such 
that in an emergency a mitigation system could be put together and launched within 
several months. A nuclear warhead would be exploded at a short distance from the 
object in order to ignite surface material so that the burn-olT, similar to cometary jcl 
effects, would yield an impulse away from the explosion. We must be aware, however, 
of the hazards on Harth due to the preparation and application of such powerful 
weapons. 

Curious for us as astronomers, who have so long been in an ivory tower, satisfied 
with the remoteness of our subjects, is the realization that we have to lead this 
practical problem. We have to find those 1,700, of diameters of 1 km and larger, that 
could cause global demise. The Spacewatch rclcscope, with its CCD scanning, is at 
the forefront of trying new techniques by which it may be possible to tind the 1,7(K) 
with a fair degree of completion within the next 2.5 years. An international network of 
some six telescopes has been suggested in the so-called Sjuiceijuard plan. These studies 
and plans have been stimulating. In actual practice the ones of Table 4 are in 
operation, partly still with photographic techniques, or appear to come on-line before 
the year 20(X). The work at the venerable Palomar Schmidt may be discontinued, by 
1995. On the other hand, the Schmidt of the European Southern Observatory, in 
Chile, may be used. Some of the numbers are my own estimates, particularly in the 
columns for the area coverage per year and the years it took, or will take, to bring 
the system into full operation. Each program will continue to be improved, as was the 
case for Spacewatch which found one near-Earth asteroid in 19H9, 15 in 1991, and 25 
m 1993. 

The most urgent first step is to find the 1,7(K1. Once wc have orbits for them, the 
uncertainty is removed, and the problem solved, because then wc can make predic¬ 
tions foi the globally disastrous objects. The network of telescopes would probably 
continue to look for new comets that could come in from the Oort Cloud. We are 
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Table 4. Programs for dcteclion of near-earth objects. 


Coming on 
line 

Telescopic 

Aperture 

m 

Identification 

1973 1983 

0.4 

Palomar. 

1984 1990 

0.9 

Spacewalch, 

1990 1993 

10 

Cote d’Azur 

1990 1995 

1.2 

Anglo-Auslralian Ob.s. 

1994 1996 

0.6 

Lanvell Observatory. 

1994 1997 

1.0 

U S. Air Force. 

1995 1997 

1.8 

Spaccwatch. 


searching for objects that would be hitting the Harth within the next century or so; 
these are our problem. Fieyond that, our grandchildren will accept the challenge. The 
chance of finding such a menace is on the order of 1 in 6,()iK). So the chance is small, 
but wc must get to that stage in order to remove the uncertainty that it can happen 
anytime. Once we have these orbits, we can rest assured, and by that time also the 
techniques of what to do about them will be better established 

In conclusion, I thank my hosts and the Smithsonian Institution for making this 
presentation possible. 
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.Meghnad Saha's Influence in Astrophysics 
Meghnad Saha Lecture 
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Abstract. C omniemoralive setninars and celebrations have been taking 
[)lacc in India this year lo mark the lOOth birthday of the physicisi Meghnad 
5jaha, who was born on Octol)er 6, 1893. Saha was a lower caste Vaishya. 
born into a poor .shopkeeper's family whose focus was rural Bengaleses village 
life on the periphery of colonial Calcutta. From these unlikely beginnings. 

Saha became a significant catalyst for the transformation of astrophysics circa 
1921 when, in a quartet of papers appearing in the F^hilosophical Magazine 
and in the FVvX'.eedings of the Royal Society, he showed how the quantum 
theory could be applied to stellar atmospheres through his theory of thermal 
ionization equilibrium. He was the first to show, on the basis of physical 
theory, that the FFirvard sp^xdral sequence was a temperature sequence. 

Ki^y words: I lislory of Astronomy slellai speclrov opy Saha equation. 

In 1924, F'. A. Milne described the stale of alTairs m spectroscopic astronomy before 
Saha’s papers had appeared. 

It was known that some spectral lines could be produced, in the laboratory, only at 
high lempcralLires or under intense di.scharges. and that such lines were often only to 
he found in stars with high cITeclive temperatures. But it was not known why this was 
sec or wh> the same line (ended to disappear at still higher temperatures: and of 
quantitative explanation there was none. There appeared to be a definite relation 
between efTeetive temperature and type of spectrum, hut the connection was empirical. 
I here was a gap m tiie logical argument (Milne 1924). 

Saha had been excited by modern physics for some time, and was actively exploring 
the nature of the atom and how it behaved under a variety of conditions relevant to 
problems in physics and astri>nomy w hen he decided lo attack the problem of linking 
the spectra of the sun and stars lo Bohr s theory of the atom. He may well have 
been influenced by Professor 14. N. Mallik, one of his teacFiers at the Sir T N. Palit 
C ollege of Science, Mallik had previously prov ided '‘kind help and encouragement” 
when Saha performed a theoretical study of mechanical action between two electrical 
systems (Meghnad 1917). And at the time, Mallik himself was performing experiments 
on ionization phenomena, which may well have drawn Saha's attention^ 

' ‘High Vaeiiuni-Spcclra of Gases', which was communicated directly by Mallik as resulting 
Irom a paper delivered at the Third All-India Science Congress, 1916. In this paper, the Iwc) 
draw attention lo their studies of gases like hydrogen under low pressure, and the sfH!clro.scopic 
study of gas discharge phenomena under low pre.ssure. 
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In its original form, Saha's theory required much elucidation, both to firm up its 
theoretical foundations, and to refine the observational databases upon which it 
depended. His combining the concept of heat balance with Bohr’s atomic model was 
innovative, but was not accepted by British theorists, whereas such formalisms were of 
less concern to Americans who wished mainly to exploit the consequences of his 
theory. Although Saha s theory of thermal ionization was rapidly absorbed into 
astrophysics, at first there was a question in Saha’s mind whether he would be 
accepted as the creator of the theory unless he remained active in the field Some at 
first merely called it the ionization equilibrium equation, and a few' called it the 
fggert-Saha equation. Some British patriots much later even called it the Fggert- 
Sahd-Milne-Fowler equation. 

fhough it was Saha who set much of spectroscopic astrophysics along the new 
path, it was Henry Norris Russell in America, as well lis F. A. Milne, R. H. Fowler, 
C. FI. Payne, and others in the West, who were at the right place at the right time to take 
it through its course. I’ogether they provided lor the first time quantitative knowledge 
(d compositions, density distributions, and temperatures, that resulted in the binding 
together of physics and astronomy in a manner that persists today. Saha, unable to 
compete in Calcutta due to indifference from the West, and political rivalries at home, 
could only watch what he set in motion. 

By the 1930s Saha’s political activism, present since 1905 w hen he was a protester in 
the wake of the partition of Bengal, emerged as he founded the ‘Science & Culture' 
group, centered on a journal bearing the name. Though an ardent believer in indepen¬ 
dence, Saha nevertheless disagreed with Gandhi and Nehru's policies, feeling that it 
was essential for India to acquire, adapt, and apply the technical and scienlilic 
expertise of the West, and to make it Indian, in order to build a strong independent 
nation. Buying technology was not enough; growing a domestic infrastructure was 
essential. In 1938 Saha turned from spectroscopy to accelerator physics, campaigning 
that India had to compete in this new arena to become a truly modern, competitive 
nation, when it was freed from British bondage. Fhese sentiments and his continuing 
activism won him a scat in Parliament after IndependcuLe. 

How Saha attempted to remain active in astrophysics, and the details of his 
reception in the West, are discussed extensively elsewhere (DeVorkin 1994). 
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Inflation and Cosmic No-Hair Conjecture 

Katsuhiko Sato Oeiyartmem of Physux. Faiuhy of Scirnicx, Tlw I'niirrxily oj lokyo. 
Tokyo 113, Japan. 

Abstract. Recent developments of the study of cosmic no-hair conjecture 
are reviewed. Although strict no-hair conjecture does not hold within the 
limit of classical physics, there are some anisotropic or inhomogeneous 
solutions which evolve to inflationary universe. This suggests that the class 
of these solutions is rather large. It seems, however, no-hair conjecture 
holds eflectivcly, provided that the universe itself does not collapse, since 
black holes and worm holes, which were formed as the ovnscquence of 
evolution of initial inhomogeneities, evaporate away in the early universe, 
and the spacetime reduces to a homogeneous one. 

Key words: 1‘arly universe inflationary model cosmology. 


1. Introduction 

In 1992 April, Smoot ct al. { 1992) announced that (T^HH-DMR group discovered the 
(in itc fluctuations in the cosmic microwave background radiation. Mthough the 
amplilude of the lemperaltire fluctuations AT/T al ten degree was only of the order of 
10 \ this was ihe discovery which remains history, since by this discovery, it was 
justihed that the seeds of the structure of the universe existed surely at the cosmic time, 
300,0(K) years At this time, the universe cleared up because of the recombinalion of 
hydrogen atoms. The standard scenario of structure formation in the big bang model 
becomes essentially indubitable by this discovery. The second important issue is that 
this discovery supports the inflationary universe model strongly, since the spectrum of 
the fluctuations was very consistent with the prediction of the inflationary universe 
model (Hawking 1982; Guth & Pi 1982; Starobinsky 1982; Bardeen et al. 1983). The 
careful comparison of the observation with the prediction from the inflationary 
universe models were done by many people after the discovery taking into account the 
tensor mode (for example Steinhardt 1993 and papers cited therein). 

Originally, an exponentially expanding universe model was proposed as a 
consequence of grand unified theories (GUTs) by Sato (1981a, 1981b); Kazanas 
(1980) and Guth (1981). Sato (1981a, 1981b) considered this model in order to solve 
a problem of the formation of seeds of cosmic structure. In Ihe standard FRW model, 
the seeds of the structure or the density fluctuations were created in the very early 
universe. The severe problem of this scenario is that spatial size of the seeds must be 
much greater than the particle horizon when they were formed, since the horizon in 
the TRW model becomes smaller and smaller with going back to the early universe. 
Sato (1981a, 1981b) showed that if the seeds are formed by phase transition of vacuum 
predicted by GUTs, the size of the seeds can be enlarged by the subsequent 
exponential expansion of the universe. As a consequence, the size of the fluctuations 
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becomes much greater than the horizon in the FRW model. Independently of GlJTs, 
Starobinsky (IM80) pointed out the universe expands exponentially as a consequence 
of gravity which might arise by a quantum gravity elTect. This exponentially 
expanding universe model was named as Inflationary Universe Model by Guth (1981) 
and he stressed that the intlalionary universe model solves the flatness and horizon 
problems which were essential difiiculties in the Standard Big Bang Model. Original 
model based on the first order phase transition of vacuum, however, has severe 
problems that phase transitions never terminate (Sato 1981b; Guth & Weinberg 1983), 
and the universe becomes extremely bumpy by the formation of huge bubbles, which 
conflicts with large-scale homogeneity of the present universe. In order lo solve this 
problem, various modified models were proposed. 'New' Inflationary Model 
(Albrecht & Slcinhardt 1982; I inde 1982), Chaotic Inflationary Model (Linde 1983) 
and Lxtended Inflation Model (La & Stemhardt 1989) are representative ones. 
Although many interesting models such as Soft lnflatit>n Models (Berkin ct al. 1990) 
and Scalar Neutrino Model (Murayama ct al. 1993) are proposed, there has not yet 
been a definite model for Inflation. For recent developments, sec reviews, Olive (1990), 
Goldwirth Sc Piran (1992). 

The horiz.on problem is to question why our universe is so homogeneous over the 
horizon. F^aradoxically, however, inflationary Universe models were proposed in the 
context of Robertson-Walker metric which is homogeneous and isotropic metric. 
People criticized that the above consequence is nothing but the assumption. In order 
lo answer this criticism, inflationary model should be analyzed for more general 
universe models and it must be shown that the uni\erse beccniics isotropic and 
homogeneous by inflation independently of the initial conditions. The con jecture that 
all the inhomogeneous and anisotropic universes with cosmological constants (the 
vacuum energy density) evolve towards the deSitter universe is called cosmic no hair 
conjecture (Gibbons & Hawking 1977). Until now. many investigations on this 
conjecture have been done. In this paper, recent developments on this problem is 
reviewed. 


2. Cosmic fio-hair conjecture in anisotropic universe 

First investigation of no-hair conjecture was done for the anisotropic but homogeneous 
universe model, because this is the most simple case. Wald (1983) showed that all the 
Bianchi types except IX evolve exponentially towards the deSitter solution. He also 
showed that it is the case that even Bianchi types IX model provided thai 
A/^'’‘K > 1/2, where A is the cosmological constant and is three curvature. 
F^xtensioii of Wald's work was carried out by many people, Moss & Sahni (1986), 
Turner & Widrow (198(^), Jensen & Stein-Schabes (1986), Rothman Sc Lllis (1986), 
Martines-Gonzales & Jones (1986), Bclinski ct al. (1985). Recent investigation of 
Kitada Sc Maeda (1992) is one of the most interesting extensions of Wald's work. They 
investigated cases for the power-law inflation driven by scalar held r/» with the 
potential L(r/))- t/exp( - zk</ 9, and found a general condition for Bianchi types IX 
model, where ~~HnG. In the limit / --►(), (exponential expansion), the sulLicient 
condition for inflation reduces to A/^^*R > 1/3 instead of the value 1/2 given by Wald 
(1983). For more progress in anisotropic homogeneous models, see a review of Maeda 
(1994) and papers cited therein. 
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3. Lvoluhon i>f inhomogeneous inflationary universe 

For the case of inhomogeneous universes, Starobinsky (1983) fii .sl found the solution 
of the inhomogeneous universe which cvt'ilves lov aids ihc deSitler solution. Barrow 
&i Gron (1986) and Slein-Schabes (I9S7) also found solulsons which evolve to 
homogeneous and isotropic universe. Shinkai & Maeda (1993) investigated h^r the 
plane wave mode of gravitational wave. .Icnsen &. Slein-Schabes (1987) showed that 
any inhomogeneous uniscrse will lend towards the dcSitter solution if the following 
three conditions are satisfied, i.e., 1) the dominant energy condition, /):'-(). 2) the 
strong energy condition, 0 3/? > 0, and 3) the scalar spatial curvalurc is not positive 
in all the spacetime. The first and second conditions arc very general, but the third 
condition cannot be accepted generally because usually density fluctuations contain 
positive curvature regions. The justificatirm given by them is, ihereforc. limited m 
a very narrow class of cosmological models. In spite of these efl'orts, we Ccln show 
a simple counter cxamjdc against the cosmcdogica! no hair coujcclurc. Tliat is the 
existence of the Schwai/schild-deSiUcr solution, wdiich describes black holes in the 
deSiller universe. The melne is given by 

ds‘ - \\ 2M i (r /)Gd/” f| i - 2.\/ r (r/F] \\r i r\\LV, (1) 

where / is (he hori/on length of the deSilter universe, which is given by 

3) ^' mA/3) ’ (2) 

where p, is the vacuum energy density and A is llu co,^mv)logical constant. If a black 
hole exists from the inilial of the universe, il never disappears within classical physics. 
Furtlicrmorc even if no black hole exists from the initial, we can set an inhomogcneity 
w hich cvt)l\cs tow ards a black hole. 11 is obvious that once lilack holes arc formed, the 
imiveise cannot evolve to a homogeneous stale within the classical physics. We may. 
therefore, conclude that no-hair conieclurc does not hold m principle. Practically, 
however, it is very important to (ind a condition tlial inhonu>geneous universes evolve 
Inwards the dcSiltcr solution, and make clear whether the condition is satisfied in 
wide class or not, even if no-hair conjecture does not hold strictly. 

Fhran & Williams (1986) earned out the numciical simulation o\ the evolution of 
inliornogeneous universe by using [3 f 1] Regge calculus formalism. In their model, 
the universe is composed of 5 vertex and 10 edges. They showed that anisotropies and 
inhomogeneities arc considerably decreased by inflation, but they have frozen during 
the inflation. Inspile that this is a poineering work, the result is not clear and it is 
obvious that our universe cannot be described by only vertexes. A severe problem of 
this formalism is that the Hamiltonian constraint and the evolution equation are 
inconsistent in inhomogeneous cases. 

Furihala & Sato (1993) extended 5 cell model to 16 cell model, and investigated 
evolution of the anisotropic but homogeneous universe, since the inconsistency 
between the Hamiltonian constraint and the evolution equation disappears in 
homogeneous models. In our model, universe is subdivided into 16 tetrahedra, and 
is composed of 8 vertex and 24 edges as shown in Fdg. 1. In order to represent 
anisotropy, wc made a tetrahedron composed of two types of edges with the length of 
y/ and 



40 


Kalsuhiko Sato 



Figure I. Left: An elementary (etrahedron. The lour bold lines and the two thin lines have 
squared edge lengths a and h, respectively. Right; 16 cell homogeneous anisotropic model. All 
telrahcdra are equivalent. 


A.s a scalar potential, chaotic inflation type model 1(0) ~ nr </)"/2, was employed. 
As initial models, we took u = h and (f> but expansion rates are different, to ^ 0, 
where (o Under these initial conditions, the evolution equations are solved 

numerically. We have found all the models which satisfy the condition A^^'hR > 13 
evolve towards the deSitter solution. With decreasing the value of A/^'^'/v « ] 3, most 
of the models tend to rccollapse, although some models still can go into inflationary 
phase successfully. This result is consistent with Kitada Si Macda 11992). We 
alsi'* found that with increasing the initial shear energy, which is dclined as ('V'/h, 
universe evtdves towards deSitter solutiem even if the initial vacuum energy h (0,) is 
small. Hxlension to the inhomogeneous models is under progress, although it is hard 
to remove the inconsistency between the Hamiltonian constraint and the evolution 
equation. 

At present, it is diflieult to get reliable results by numerical simulation. Then, how 
can the fate of the very inhomogeneous universe be investigated'^ In order to 
investigate this problem, daring simplification or idealization is necessary. In the 
present talk, we discuss assuming tha‘ high density regions are spherical symmetric 
and the densities in them are .S|)atially constant The evolution of the spacetime 
structure of the bumpy univer.se was investigated in the original inflationary universe 
model (the first order phase transition model, Sato 1981a, b; Guth 1981) in detail in 
a series of papers, Sato ct al. (1981, 1982), Sato 1987, Macda et al. (1982), Kodama 
c/ al. 1981. When the amplitude of the density llueiuations is very large, the evolution 
of the spacetime structure in the inflationary universe is cssenlially the same even if 
the origin of the fluctuations is classical or quantum. Therefore the result obtained in 
the phase transition model essentially describes the evolution of the spacetime 
structure in the new inflation model (Linde i982; Albrecht & Steinhardt 1981) and 
chaotic inflation model (Linde 1982) also. Here let's discuss the evolution by using 
a phase transition model. 

3 1 Spacetime slrueiure in a bubble or a low density hollow 

As is well known, phase transition proceeds by nucleaiion of bubbles and subsequent 
expansion of bubbles, Let's assume the vacuum energy of the false vacuum to be 
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and the vacuum energy density in bubbles to be We can considei that these 
bubbles correspond to low density regions in the new inflation model and chaotic 
inflation model. By virtue of generalized BirkofT theorem, the metric in a spherical 
symmetric bubble (a hollow) must be the Schwarzschikl-deSitler solution 
(equation 1), but with M ~ 0, i.e., the metric is the dcSitler metric with the 
cosmological constant SnGp 2 ^ which is smaller than that of the outer high 
density region. 

3.2 Spacetime structure of a hiph density region surrounded by bubbles 

In the phase transition model, there exist infinite size networks of the false vacuum 
(the high energy state) in the early stage of the phase transition. However, in the 
cause of the phase transition, the higli density vacuum regions (/' ) are eventually 
divided into pieces and surrounded by bubbles This also occurs in the new 
inflationary universe model and the chaotic inflation model with inhomogeneities 
in the cause of rolling down of the scalar field. In order to make clear the metric, 
let's consider the following simplified model: At t infinite number of bubbles 
are created on the sphere of radius r- r„. I hen the universe is divided into three 
regions as shown in Fig. 2a region A is the inner high density (p,) vacuum region 
The metric in this region is given by usual dcSitler metric. The region B is the shell 
like low density vacuum region (bubble region), and the inner surface W and outer 
surface IT^ of this region are expanding at light velocity. The metric is the Schwarzschild- 
deSittcr metric (equation 1) with the mass M~47rrf,Pj/3 and the cosmological 
constant -STrGp,. The region C is the outer high density vacuum region, and 
the metric is described by usual deSitter metric. As shown in Fig. 3, black holes 
arc formed when the initial radius is smaller than the horizon length of the deSitter 
universe, /^(8 hGpi/ 3) irrcspeclive of the density contrast xHpj/p 2 - The 
most interesting case is that wormhole structure is formed. As shown in I ig. 3, 
wormholes are produced when the density contrast Pi/Pj is greater than three and 



Figure 2a. A simplified model for high density vacuum region A, which is surrounded by low 
density vacuum region (bubble region) B. 
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Figure 2b. A schcnialic picture of wormhole created from the large ampliuidc 
inhomogeneities. Because the region A is causally disconnected from the original universe, we 
can call the region A as 'a child universe' and the original universe C as ‘mother universe*. 


Initial Radius 



Figure X Summary of the final spacetime structure as a function of two parameters, the initial 
radius and the density contrast v ri 


also the initial radius is greater than the horizon length / but smaller than the 
critical radius wdiich is defined as 

- 1))’ \v/. (3) 

In f ig. 2b, a space like hypersurface with constant conformal time is shown 
schematically. As shown in this figure, the inner region A remains as an ever- 
expanding dcSitter like sub-universe connected with the outer universe C by an 
Hinstein Rosen (wormhole) bridge B. Because the region A is causally disconnected 
from the original universe, we called the region A as 'a child universe’ and the original 
universe C as mother universe’ (Sato ct ai 1981, 1982). 

Recently Nambu Sl Siino (1992) carried out numerical simulation of the evolution 
of spherical symmetric false vacuum. Their results show good agreement with the 
present analytic result. Sakai Sl Maeda (1993) extended this bubble dynamics in 
generalized Einstein Theories. 

Obviously no-hair conjecture breaks down in classical level, since these holes never 
disappear, and spacetime remains very inhomogeneous as discussed in preceding 
sections. 




Inflation and Cosmic No-Hair Conjecture 

4. Fate of inhomogeneous inflationary universe and evaporation of holes 


43 


In the preceding section, we showed that trapped high density regions evolve to 
wormholes by assuming that the spatial structure is spherical symmetric. In reality, 
the high density regions are highly asymmetric and new bubbles are nucleated (in the 
phase transition scenario) or low density regions are formed (m the new or chaotic 
inflation scenarios) therein. However the essential feature of the above model is still 
applicable to the actual situation. The very reason why black holes and wormholes are 
created is that the high density regions are trapped by low density vacuum. In case the 
relative size of the trapped domain to the surrounding low density region is small 
when it is formed, the domain wall continues to contract at light velocity and the 
energy released by the rolling over of the scalar field may well be concentrated in 
a very small region. Hence a black hole is generally created regardless of the inilia! 
shape of the high density domain. On the other hand, in case the domain si/e is larger 
than the horizon length, the domain wall continues to expand to inlinily and 
consequently the universe attains to have two asymptotic (flat) regions. This 
anomalous structure occurs independent of the domain shape and strongly indicates 
the general formation of wormhole-bridge slruciurc, Now we can speculate the 
evolution of the spacetime strudure of the very inhomogeneous universe: 

i) If wormholes, w hich are produced from the mhomogeneUies, evaporate as black 
holes do, the I instcin-Rosen bridge disappears and child universes will become entirely 
spatially disconnected. Here ‘.spatially disconnected' means that there is a connected space 
like slice of the universe such that it does [K>t intersect with the causal boundary r>f the 
universe and its causal future, ,/.(L) is compersed of topological disconnected 
components. 

ii) The child-universes also expand exponentially, and phase transition (in the phase 
transition sc'enario) or inhomogeneous rolling over of .scalar field (in the new and chaotic 
inflation scenarios) proceeds also therein. As a result grand-child universes are formed. 
Tins sequential production of universes may continue on and on. Now we easily arrive at 
an idea of multi-production of the universe; although the creator might have made 
a unitary universe, the universe itself is capable of bearing child-universes, which are 
again capable of bearing universes and so on (Sato 19Sla, b. Sato ct al. 1982). LindeN 
eternally existing self-reproducing chaotic inflationary universe model (1986) is an 
application to chacnic inflation, in which density contrast is generateti by quantum 
gravitational effects. Blau, Guendelman & Guth (1987) and Karhi & Chith (1987) 
discussed the creation of wormholes taking into account the effects of the shell energy 
density more generally, but essential scenario is the same one of previous investigation 
(Sato el al. 1981; Kodama et al. 1981; Maeda et al. 1982; Sato el al. 1982). 

Now let's discuss whether or not cosmic no-hair conjecture holds in this scenario. 
Typical mass of black holes and wormholes is ol the order of 


^ 4ni^ I I kg for GUT scale 
3 ^ I rUp, for Planck scale, 

where rripj is the Planck mass. Then evaporation time of holes can be estimated as 

_ / M y' _ f 10 ’"sec for GUT scale 
v^pi/ ^ IG' Planck scale. 


( 5 ) 
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where t^^ is Ihe Planck time. This evaporation time is rnuch earlier than the nucleo¬ 
synthesis era. 7 he spacetime evolves towards a homogeneous one by the evaporation 
without conflicts with cosmological observations. We may conclude that iio-hair 
conjecture holds efl'ectively, provided that the universe itself does not collapse. 


5. Summary 

In the present talk, we reviewed recent development of the study of cosmic no-hair 
conjecture. It is clear that sltict no-hair conjecture does not hold within the limit of 
classical physics. There are simple counter examples against this conjecture. If black 
holes and wormholes were formed once, they never disappear and the spacetime 
remain inhomogeneous. On the other hand, however, there are some inhomogeneous 
solutions which evolve to homogeneous isotropic universe. I’his suggests that the 
class of these solutions is rather large, as shown in homogeneous but anisotropic 
universe models. In order to make clear the condition for this 'weak no-hair 
conjecture’ t(') hold, more careful investigation including numerical simulations i> 
necessary (see for example, (loldwirlh & Piran 1992). It seems, however, no-hair 
conjecture holds efl'cetively, provided that the universe itself does not collapse, since 
black holes and wormholes, which were formed as a consequence of the evolution of 
initial inhoniogencities, evaporate away in the early universe, and the spacetime 
would reduce to a homogeneous one. 
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Cosmology Today: Models and Constraints 

T. Padmanabhan Inter-UniversUy Centre for Astronomy and Astrophysics, Post Bap 
Ganeshkhind, Pune 411 007, India 

Abstract. Cosmological modds for structure formation are severely 
constrained by several of the recent observational results. We now have 
observations which probe the power spectrum of fluctuations from about 
0-5 h~ ^ Mpc to 3000 h ‘ Mpc These probes and the constraints they 
imply on models for structure formation are reviewed. 

Key words: Cosmology large scale structure. 


1. Recipe for the universe 

Models for structure formation assume that small perturbations in the energy density 
existed at very early epochs. I'hcse perturbations can then grow via gravitational 
instability leading to the structures we see today. Inflationary models which 
are probably the most successful ones (Guth & F^i 1982; Hawking 1982: Starobinsky 
1982; Paumanabhan ct al. 1989; for a review sec Nariikar & Padmanabhan 1991) 
in this regard produce density perturbations with an initial power spectrum 
P-^(k)czAk. Since each logarithmic interval in k space will contribute to the 
energy density an amount Af^{k) ^ /d{\iik) ^ {k^F(k)/(27z^) we find that :/ k"^ 
for P xk. The contribution to gravitational potential from the same range will 
be A,] — A^^ {9Uf^/4k'^a^) which is independent of k if xk"^. Al) these models 
need to be fine-tuned to keep the amplitude of the fluctuations small upto, say, 
z> 10\ 

Given a Friedmann model with small inhomogeneilies described by a power 
spectrum P(/c, Z;,,) at a high redshift z = z^,,, wc can predict unambiguously the power 
spectrum P(k, z^J at z ^ 1()\ since we can use linear perturbation theory during 

this epoch. The shape of the spectrum at z-Zp will depend on the composition 
of dark matter in the universe (for a detailed discussion of these clTects, see 
Padmanabhan 1993). 

The fact, that one can compute the power spectrum at z Zp analytically, allows 
one to predict large scale anisotropies in CMBR unambiguously in any given model. 
Comparing this prediction with the anisotropy observed by COBt’ one can fix the 
amplitude A of the power spectrum. For a wide class (Padmanabhan & Narasimha 
1992) of the models, A(k) ~ 10 ^{kLf with (24 ± 4)h ^ Mpc for k ' > 8()h * Mpc. 
For CDM like models the function A(A:) flattens out at larger k and is about unity 
around k ^^8h ^ Mpc. In pure HDM models. A(7c) has a maximum value of 
A^ 0.42h ^(m/30eV )^ at k„ ~ 0.11 Mpc ^(m/30eV) and decreases exponentially at 

The evolution of the power spectrum after decoupling (for z < z„) is more difficult 
to work out theoretically. In general, the power spectrum grows in amplitude 
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(preserving the shape), as long as the perturbations are small (Padmanabhan 1993). 
Fig. 1 shows the density contrast rT(R) computed from the linearly extrapolated power 
spectrum Ap(/c) in four different models. The density contrast (7(K) measures the rms 
fluctuations in mass within a randomly placed sphere of radius R; upto factors of 
order unity, a(R) ~ \{k ~ R ‘). 

At small scales, the true power will be larger than Aq(/c) due to nonlinear 

effects. Fig. 2 shows the aelual nonlinear evolution of the power spectrum with 
redshift based on numerical simulations. For a wide class of models, one can relate 
(Bagla & Padmanabhan 1994) the nonlinear and linear density contrasts by a set of 
power laws of the form; rr^j (n, .x) - A [frf (n, /)]” with = x'^(l -h ) where A~n^\ 
for ^ 1.2; A = 0.794, n = 2.9 for 1.2 ^ ^ 6.0 and A =9.12, n — 1.55 for cr^ ^ 6.0. 

This relation shows that is steeper than ctl. 

In fact, for /c ^ > 2h ’ Mpc, one can even neglect the evolution of the gravitational 
potential and study the motion of the particles in a potential ‘frozen’ in time. Such an 
approximation reproduces (Bagla & Padmanabhan 1994) the results of exact N-body 
simulations quite accurately for k ^ > lh~ Mpc. Fig. 3 shows the results of such 
a simulation. We see that the central effect in cosmological clustering is the motion of 
particles towards the minimum of the initial potential field. 


BBK5-CO0E.V+CDM.H+CDM,BBK5:b*2.5 



Figure 1 . The linearly extrapolated density contrast, filtered by a sphere of radius R, in four 
different models. All models arc for fl, = 1, and normalised by COBE. Solid line: COM model; 
Dashed line A 4 CDM model with O,, = 0.8, = 0.2, h = 0.8; Dash-dot line: C -I- HDM 

model with = 0.7, = 0.3; Dotted line: CDM model with 6 = 2.5. 
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BBKS’COBE.z»0,7.63.511 



R(Mpc) 

Figure 2. Non-linear cvoliilion of the power spectrum based on N-body simulations. 


At still smaller scales, it is important to understand gas dynamical processes before 
one can compare theory and observations. Since baryons can dissipate energy and 
sink to the minima of the dark matter potential wells, the statistical properties of 
visible galaxies and dark matter halos could be quite different. It is usual to quantify 
our ignorance at these scales by a ‘bias' (acronym for ‘Basic Ignorance of Astrophysical 
Scenarios') factor h and write ^ ^ paramelerisation is useful if 

h is independent of scale and morphology of galaxies. This seems to be somewhat 
unlikely. 


2. Probing the power spectrum 

One of the direct ways of constraining the models is to estimate the density contrast 
from observations at different scales and compare it with the theoretically 
predicted values. We shall discuss the probes of different scales in the decreasing order. 
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Figure 3. (a) (Top) A slice of the universe for a power spectrum P{k) i k * in 2D. I'his is 

obtained by moving the particles in a potential which is Trozen in time, (b) (Bottom) The 
corresponding slice of the universe obtained from exact N-body evolution. 3 he similarity 
between (a) and (b) shows that the key feature of cosmological evolution is in moving the 
particles towards the minima of the potential. 


2.1 Near horizon scales: {300 3000)h ^ Mpe 

CO BE DMk These scales are so large that the best way to probe them is by studying 
the MBR anisotropy at angular scales which correspond to these linear scales. Since 
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a scale L subtends an angle (){ L) 1 (L/lOOh * Mpc) al 2 2 ^,, the (A7 77) ot servations 

at (3 30") probe these scales. The COBH-DMR observations (Smoot 1992) of (A777\„^, 
and (AT/7’)g alloNv one to obtain the following conciusions; (i)rj(l()^h ’ Mpc) 

5 x 10 The power spectrum at large scales is/\(7c) - Ak*' with n- 7 ^ 1.1 t 0.6 and 
if we lake 0=1, n=l, then 4 7 ^ (24 ± 4)h ‘ Mpc (iii) In this (Bagla & 
Padmanabhan 1993) range, (7{R) ^ (24 ± 4h ^ Mpc R]\ 

Primordial gninty waves: A large class of inflationary models also predict the 
existence ol a stochastic background o( gravitational waves which can be used to 
probe scales ^ 3(X)0h ‘ Mpc. The expected energy density of these waves is 

about Oy ~ 3 X 10 and the spectrum is scale-invariant (Tabbri &. Pollock 1983; 
Starobinsky 1985). Unfortunately, the current generation of gravity wave detectors 
cannot observe this background. 

ti*rr large scales: (<80 MHhh ^ Mpc 

CMBR probes: These scales span (0 8 3 ) in the sky at 2 2 ;,. Several ground 

based and balloon-borne experiments to delect anisotropy in MBR probe this 
scale, k or example, the UCSB South Pole experiment has recently reported (Schuster 
1993) a preliminary ^detection’ of {Al l ) > 10 at 1.5 scale, and a 95% confidence 
level hound of (A7’ 7) < 5 x 10 7 This translates into the constraint of 
f7( 10“h ‘ Mpc) < 5 X 10 7 

CJ \2 survey: Some galaxy surveys notably CTA2 survey and pencil-beam surveys 
probe scales which arc about 10’h ' Mpc m depth {Br< adhursl ct al. 1990; Vogeley 
el (d. 1992). Unfortunately, the statistics at these large scales is not good enough for 
one to obtain rrfR) directly from these surveys. 

2.3 Large scales: {4P S0)h ^ Mpe 

CMBR probes: The scales correspond to ^^mhr probed by the 

experiments looking for small angle anisotropies in MBR. I he claimed detection 
(Cheng et al. 1993) by MIT-MASM of {AT T) ~ {0.5 1.9) x lO ' at - 28', if 
conlirmed, will give a bound of fT(50h * Mpc) .< 0,3. 

Galaw surreys: Several galaxy surveys in particular the IRAS-QDOT and APM 
surveys, give valuable information abt)ut this range (Rowan-Robinson et al. 1990; 
Efstalhiou el al. 1990: Saunders et al. 1991). I hc angular correlation of galaxies, 
measured by APM survey is (,')(())-(1 5) x 10 at ^ 14 . This corresponds to 
(T(50h * Mpc) 0.2. What is more important, thc.se surveys give valuable information 
about the shape of the power spectrum in this range. 

Large scale velocity field: Using distance indicators which are independent of Hubble 
constant, it is possible to determine the peculiar velocity field v{R) of galaxies upto 
about 80h * Mpc or so. The motion of these galaxies can be used to map the 
underlying gravitational potential at these scales. Careful analysis of observational 
data shows (Bertschinger & Dekel 1989; Dekel ct al. 1990; Bertschinger et al. 1990) 
that r(40h ' Mpc) ^ (388 ± 67)kms ' and r(60h ’ Mpc) - (327 ± 82) kms 7 f rom 
these values it is possible to deduce that rr(50h ‘ Mpc) ^ 0.2. These observations also 
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allow us to determine the value of the parameter where 

factor with respect to IRAS galaxies. One finds that Vh,RAs)=^ which 

implies that if Q - 1, then = 0.78 ' [J ?!; and if = I then ^ 1.51 ^ *, ilr 

Clusters and voids: The cluster-cluster correlation function and the spectrum of voids 
in the universe can, in principle, tell us something about these scales. Unfortunately, 
the observational uncertainties arc so large that one cannot yet make quantitative 
predictions. 

It should be noted that a straight extrapolation of COBE-DMR result <t(K) = 
(24h ^ Mpe/R)^ to R — 5()h ^ Mpe gives (50h ‘ Mpe) 0.2. This is consistent 
with the result from large scale streaming a, ^jv(50h ’ Mpe) ^ 0.2. which is not 
surprising since both probe the gravitational potential of dark matter. However, the 
result of galaxy surveys based on visible matter also gives fT^p^(50 h ' Mpe) 0.2. 
This suggests that observations are consistent with the conclusion that bia.sing is 
unimportant at R ^ 50h ' Mpe. 

2.4 Intermediate scales: (iS 40)h ^ Mpe 

These scales span the angular scales of ^^mbr ™ contain a background 

mass of ^ 10^'’- 1.5 x 10‘')nh^^,^ M,,. Note that the finite duration 

of the recombination epoch (Ar 80) wipes out anisotropies at angular scales 
smaller than 0^^^^ 8'Q* “h. However, it is possible to probe these scales directly. 

Galaxy surveys: I'he galaxy-galaxy correlation function = [r/5.4h ' Mpe] ^ ^ is 
fairly well determined at these scales. Direct observations suggest that 
' Mpe)1 but the (7^^^ and at these scales can be quite difl'eient because 
of biasing. 

Cluster surveys: There have been several attempts to determine the correlation 
function of clusters of different classes. It is generally believed that ^ ^ 

with E2^_25h ‘ Mpe. The index n— 1.8 is fairly well determined though the scale 
L is not; in fact, Lseems to depend on the richness class of the cluster. The quantity 
^ can be thought of as measure of the relative bias between cluster and 
galaxy scales. Observations suggest (Dalton et al. 1992; Nicol et al. 1992: Bahcail & 
West 1992; Postman et ai 1992) that this quantity depends on the cluster class 
and varies in the range (2 8). The observational uncertainties are still quite large 
for this quantity to be of real use: but if the observations improve we will have 
valuable information from 

Abundance of rich clusters: The scale R=^ 8h ’ Mpe contain a mass of 1.2 x 10’ *' 
M.^. When this scale becomes nonlinear, it will reach an overdensily of about 
178, or equivalently it will contract to a radius of (8h ^ Mpe)/(178)'^ 
1.5h ' Mpe. A mass of 10'in a radius of 1.5 Mpe is a good representation of 
Abell clusters we see in the universe. This implies that the observed abundance of Abell 
clusters can be directly related to (7(8h ' Mpe); Several people have attempted to do 
this (White et al. 1993); the final results vary depending on the modelling of Abell 
clusters, and give fT(8h ‘ Mpe) ~ (0.5 0.7). Since ' Mpe)^ 1, this shows that 

h-(1.23 2) at 8h ‘ Mpe. 

It is possible to give thus argument in a more general context (Subramanian & 
Padmanahhan 1994). Suppose that the contribution to critical density from collapsed 
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structures with mass larger than M is Cl{M), at a given redshift 2 Then one can 
show that 


Q(M) = erfc 


MHz ) 


where 6^. — \ .08 and erfc(Y) is the complemenlarv error function. Figure 4 shows n(M) 
as a function of a (j(M) for various values of z The Abell clusters (at z - 0) contribute in 
the range Q (0.001 0.02). Even with such a wide uncertainly, we gel (0.5 0.7), 


2.5 Small scales: (O.OS -8)h ^ Mpc 

These scales correspond to structures with - (3 10^ — 1.2 x lO'^^lQh^j/ M 

and we have considerable amount of observational data covering these scales. 
Unfortunately, it is not easy to make theoretical predictions at the.sc scales because of 
nonlinear, gas dynamical, effects. 

Epoch of galaxy formation: Observations indicate that galaxy-Hke structures have 
existed even at z 3. t his suggests that there must have been sufl'icient power at small 


z = 0.1,2.J.4 



Figure 4. The contribution n(M) due to collapsed objects at different redshifts as a function of 
(t(M). Since Abell clusters (at 2 = 0) contribute (0.001 0.02) we need (7(M):=r(0.5 0.7) at 
cluster scales. Similarly, since damped Lyman alpha systems contribute Cl ^ (0.04 0.1) in the 
redshift range of z - (2 3) we need a(M) ~ (2.5 4.1) at the mass scales of M (10* ^ 10*^)A^q. 
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scales to initiate galaxy lormation at these high redshifts. Unfortunately, we do not 
have reliable estimate for the abundance of these objects at these redshifts and hence 
we cannot directly use it lo constrain (t{R) 

Abundance oj quasars: The luminosity function of quasars is fairly well determined 
upto z ^ 4. If the astrt)physical processes leading to quasar formation are known, then 
the luminosity function can be used to estimate the abundance of host objects at these 
redshifts. Though these processes are somewhat uncertain, most of the mcxlels for 
quasar formation suggest (Hachnclt 1993) that we must have fT(().5 ' Mpe) > 3. 

Absorption systems: The universe at 1 <r<5 is also probed by the absorption of 
quasar light by intervening objects. These observations suggest that there exists 
significant amounts of clumped material in the universe at these redshifts with neutral 
hydrogen column densities of l()^“)cm We can convert these 

numbers into abundances of dark matter halos by making some assumptions about 
this structure. We find that (Subramanian & Padmanabhan 1994) in the redshift range 
of 2 >(1.7 3.5) damped l.yman alpha systems contribute a fractional density of 

Q, ^ > (0.06 - 0.23). Phis winild require (TtlO*^ Af ) > (3 4.5). This is also shown in 

Fig. 4. 

(ri/MU-Petcr.s^rin hound: While we do sec absorption due to i lumped neutral hydrogen, 
quasar spectra do not show any absorption due to smoothly distributed neutral 
hydrogen. Since the universe became neutral at z<Z;j>l()\ and since galaxy 
formation could not have made all the neutral hydrogen into clumps, we expect the 
IGM to have been ionised sometime during 5 <z < lOV It is not clear what is the 
simrce for these ionising photons. Several possible scenarios (quasars, massive 
primordial stars, decaying particles etc.) have been suggested in the literature though 
none of these appears to be completely satisfactory (Gunn & Peterson 1965; Steidel 
Sc Sargeant 19S7; Schneider ef al. 1989; Shapiro & Giroux 1987: Couchman & Rees 
I9H6; Miralda-Ilscude Sc Ostriker 1990). In all these scenarios, it is necessary to form 
structures at z > 5 so that an ionising flux of about./ - 10 ergs cm ^s A lz ‘ sr ‘ 
can be generated al these epochs. Once again, it is difficult to convert this constraint 
into a firm bound on a though it seems that fT(0.5h ‘ Mpe) > 3 will be necessary. 

Direct observation 21 cm line: It will be possible lo observe the neutral hydrogen at 
z > 3 by observing the redshifted 21 cm line. The searches performed so far have not 
led to reliable detections. In a standard CDM model one would expect fluxes of 
(1.5 3) mJy from protocondensales with abundances of /V > (10 ^ 10 ^) Mpe ^ al 

z = 3.3. These fluxes should be delectable (Subramanian Sc Padmanabhan 1993) in the 
near future with GMRT. 

The constraints discussed in this section arc summarised in Fig. 5. 


3. Scorecard for the models 

The simplest models one can construct will contain a single component of dark matter, 
cither cold or hot. Such models are ruled out by the observations. The HDM models, 
normalised lo C’OBF. result will have maximum power of A^ = 0.42h ~(m/30eV)" at 
k - -- O.i ] Mpe '('n/30eV). In such a case, structures could have started forming 

only around (1 T z,) = (A„,/I.6S) ^ h^(f(m/30eV)- or at z^ 0. We cannot explain a host 
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Figure 5. Constnjinls on rT(/?) fiDiii dilTcrcnt observations. See text for the discussion. 


of high-r phenomena with these models. The pure CDM models face a diflerenl 
difticulty. These models, normalised to COBE, predict 1 , which is too high 
compared to the bounds from cluster abundance. When nonlinear eflecLs are taken into 
account, one obtains x r ^ ^ for h -■ 0.5 which is too steep compared to the observed 
value of X r ' In other words, CDM models have wrong shape for i;(r) to account 
for the observations. 

T he comparison of CDM spectrum with observations suggests that we need more 
power at large scales and less power at small scales. This is precisely what happens in 
models with both hot and cold dark matter or in models with nonzero cosmological 
constant. These models have been extensively studied during the last year, and they fare 
well as far as large and intermediate scale observations are concerned. However, they 
have considerably less power at small scales compared to CDM model. As a result, they 
do face some difficulty (Subramanian & Padmanabhan 1994) in explaining the existence 
of high redshift objects like quasars. For example (Pogosyan et at. 1993), a model with 
30% HDM and 70 % CDM will have 5 1.5; to explain the abundance of quasars 

comfortably one needs ^ ~ 3.0. If we use a more liberal criterion of (t( 10^^ M^, ) > 2 
[which corresponds to ^ > 2 for h = 0.5] then one is left with a very narrow window 
in the (Q, - h) plane which accounts for all observations. Demanding that (t(10^ ^ M j > 2 
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[which is equivalent to saying that 10*objects must have collapsed at a redshift 
of Zj 2 = (2/1.68) ~ 1 ~ 0.2] will completely rule out this model 

Similar difficulties exist (Kofman et al 1993) in models with cosmological constant. 
On demanding that; (i) the age of the universe is between (13-15) Gyr; (ii) the galaxy 
survey results are reproduced; (iii) tig is at an acceptable range and (iv) the large scale 
streaming motions are correctly reproduced, one finds that no acceptable window 
exists in the - h) plane Jor a model with Qcdm -l- = 1. If the constraint (iv) is 

relaxed to a 2a level then a narrow window exists in this plane. 

The comparison of models show that it is not easy to accommodate all the observa¬ 
tions even by invoking two components to the energy density. (These models also 
suffer from serious problem.s of fine-tuning.) By and large, the half-life of such 
quick-fix model seem to be about 2 3 years. One is forced to conclude that to make 
significant progress it is probably necessary to perform a careful, unprejudiced 
analysis of; (a) large scale observational results and possible sources of error and (b) 
small scale astrophysical processes. 
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Confrontation of a Double Inflationary Cosmological IViodel with 
Observations of the Large Scale Structure 

J, P. Miicket & S. Gottlobcr Aslrophysikalisches Institul Poisdam. An der Sfernyi'drrt’ 
16, 144H2 Potsdam, Germany 

Abstract. We consider the non-scalc invariant p>erturbatjon spectra 
originated by a double inflationary cosmological model. The predictions 
of the derived spectra are compared ^vith the results of large scale 
observations as bulk flow velocity, mass variances, counts-in-cells analysis 
applied to the Stromlo-APM redshift survey and the determination of 
cosmic Mach numbers. This comparison strongly restricts ;he possible 
parameter space and allows for the determination of a very few fitting 
models. 

Key words: Cosmology large scale structure. 


1. IntrcNliicfion 

During the last years observations seem to indicate that the predictions of the standard 
CDM model at very large scales and on small scales are incompatible. Although the 
cold dark matter model (CDM) with biasing (6^^ 1 5 2 5) and n 1 for the 

spectrum (Harrison-Zeldovich spectrum) of the primordial density perturbations 
leads to results remarkably close to the observational data, recent 
observations of such structures as the Cireat Attractor (Lynden-Bell et ai 19K8; 
Dressier 1991) and the Great Wall (de Lapparent et ul. 1986), the large-scale clustering 
in the redshift survey of IRAS galaxies (Efslathiou et ui 1990; Saunders et ai 1991), 
and the angular correlation function of the deep A PM galaxy survey (M addox et ai 
1990, see also Loveday et ai 1992) imply that at scales larger than approximately 
10 h ^ Mpe there is more power in the perturbation spectrum than exp>ected in the 
standard model. The spectrum of perturbations observed at the present time is 
a product of an initial (primordial) spectrum and some transfer function T(k). The 
latter results from the transition from the radiation-dominated era to the matter 
dominated one at redshifts r ^ lO'* and depends on the structure of the dark matter. 
7 hus, any deviation from the standard model may be explained either by changing the 
initial flat spectrum, or by changing the transfer function T{k) in accordance with 
a more complicated matter content. For a model with mixed dark matter one can find 
observational constraints in a similar way as discussed here (Pogosyan & Starobinsky 
1993, see also for further references). Following Goltlober, Miicket & Starobinsky 
(1993) we investigate here nonflat primordial perturbation spectra within the standard 
CDM model. These spectra are generated in a double inflationary cosmological 
models (Gottlober, Muller & Starobinsky 1991). The standard CDM model contains 
one free parameter, namely the normalization constant. The attempts to modify the 
power spectrum due to an effective change of matter content introduces one more 
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parameter. In the result of our model the shape of the initial perturbation spectrum is 
modified. This leads to three parameters of the models to be defined. The resulting 
spectra are of Harnson-Zeldovich-Type only in the limiting cases of very small and 
very large scales. In the intermediate range the effective exponent n is a function of the 
scale. The spectra are characterized by the parameter A which is approximately equal 
to the ratio of the power at large and at small scales and by a typical wave number 
denoting the onset of the step like behaviour in the spectra towards the large scale end. 
The quantity A mainly depends on the parameters characterizing the inflationary 
stages (the mass of the scalar particle and the coupling constant of the higher order 
terms) whereas k^ depends on the energy density of the scalar field at the onset of the 
second inflation. 

Inflation leads to a flat homogeneous universe with adiabatic perturbations of the 
metric in terms of the peculiar gravitational potential. The Fourier components of the 
Gaussian fluctuations 0^ determine the shape of the primordial perturbation 


spectrum x 

I'he principal shape of the considered spectra can be given with good 
approximation by the fit formula 


(t>k = 
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Then the power spectrum is P(k) - (f)j^k‘*^ T{k) where a good fit for the transfer function 
T(k) is given by Bond & Efstathiou (1984). 


2. Comparison with observations 

For the obtained perturbation spectra we have calculated the mean square cxpe.ctalion 
values Ct of the background temperature fluctuations (Goltlober & Miicket 1993), 
With the measured r7(10 )=1.1 x 10 ^x(lF0.17) (Smoot et al. 1992) the free 
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Figure 1. COBH normalized perturbation spectra of the standard CDM model (dashed line), 
a MDM modci (30% hot and 70% cold dark matter, dash dotted line), a model with nonzero 
cosmological constant (dotted line) and the best fit model = 7 Mpe, A = 3, solid line) 
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nornializalion constant for the calculated spectra has been determined and using the 
linear transfer function T{k) of the standard CDM model (Bond & bfstathiou 1984) 
the power spectrum of the density fluctuations at the present epoch F{k) can be 
calculated. The shape of the different density perturbation spectra is shown in Tig. 1. 

By help of the density perturbation spectrum Pik) we are able to compute the 
variance of the mass fluctuation -=(()M/M)" in a sphere of length scale R. By 

comparison with f7^^ from galaxy observations we estimate the bias factors, i.c. the 
relation between dark matter mass distribution and the galaxy distribution. The 
different bias lactors obtained for the considered spectra are within the range between 
1.5 and 4.4. We present the permitted region in the parameter space for the bias factors 
in the A -- A,, ^ plane (Fig. 2). Somewhat smaller bias we obtain by fitting the angular 
correlation functions for the different spectra to the angular correlation function 
obtained for the APM data (Maddox et al. 1990). Next we have investigated our 
spectra with respect to the bulk-flow studies by Bcrtschinger ci al. (1990) and more 
recently by Courteau et al. (1991). We have estimated the velocity variance rr,,(K) for 
our models. The predicted velocities arc marginally less than the observed ones. 
However, it seems likely that the actual values of the bulk flow velocities at our 
location of the universe are larger than the average values w hich should be comparetl 
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Figure 2. The permitted regions in the A - ^ parameter space fitting the observational data 

obtained for the bias parameters, the bulk velocities, the counts-in-cells analysis and for the 
cosmic Mach number test. 
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with the model predictions. Taking into account both uncertainties in the COBE 
normalization and in the determination of the bulk velocities as well as the predictions 
of the best fitting models ‘ 7 Mpc) are within the error boxes (Fig. 2). 

F'urlher we compare the predicted variances (rf for the counts-in-cells analysis of 
large-scale clustering in the newly completed Stromlo-APM redshifl survey (Loveday 
e( ai 1992) by a x^-test spectra. In Fig. 2 we show the labels of /^(A, k^y) ~ const, where 
we adopt (the formal degree of freedom is equal to 7) that j:: 3 is a very good fit, the 
fits are reasonable up to ^ 7 and above ^ 20 the fits are bad. For the flat 
standard CDM model we get = 47.5. Finally, we provide the Mach number test for 
our models. This test is independent of the normalization of the spectrum and of all 
considerations concerning the mass variance as well (Oslriker & Suto 1990). We 
compare the predicted values for our models with the Mach numbers M obtained 
from observational analysis M, ^(4.2 ± 1.0), M, ~ (2.2 ± 0.5), and \4^ = (1-3 ± 0.4) at 
the scales =4\\ ^ Mpc, 8 h ^ Mpc, and 18h ' Mpc, respectively. For the function 
My^{A,k^d we draw' the allowed region given by the error bar labels from 
obscrvationally obtained Mach numbers in the A “ ^ plane (Fig. 2). 


3. Conclusions 

The comparison of all provided tests yields a nonzero parameter space for our models. 
The results from the counts-in-cell analysis for the APM-Strom!o survey and the 
Mach number test are most restrictive. Especially from the x'--tcsl we conclude that 
the spectrum with an amplitude at large scales three times of the amplitude for the 
standard flat CDM model and an onset of the strongest deviation from the flat 
spectrum between 20 h ‘Mpc and 50h ' Mpc represents the best fit of the 
observational data. The best fit spectra will be reproduced quite well by (I) with the 
parameters k,, - 0,1, k i ~ A = 788, B = 60.6, and y ~ 0.5 and [i ~ 0.66. For these 
spectra we obtain bias factors between 2.0 and 2.7. In order to get stronger limitations 
on the theoretical models more observational data are needed. Especially positive 
measurements of the CBR anisotropy at smaller angular scales $ 1 ) would make 
the existing models more distinguishable (Gottlobcr & Miicket 1993). 
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Cosmological Solutions in Two-Component Nonlinear Sigma Model 

S. V. ChcrVOn’*' Inter-Vniversity Centre for and Astrophysics. Post Bag 4, 

Ganeshkhind, Pune 411 007. India 

Abstract. The general features of the exact solutions for the two- 
component nonlinear sigma model in the framework of spatially flat 
F riedman-Robertson-Walker, de Sitter and Bianchi-1 type universes are 
discussed. 

Key words: Cosmology early universe. 

1. Nonlinear sigma model 

The nonlinear sigma model or chiral model represents the theory of several scalar 
fields, where the interaction is introduced by the constraint on the values of free scalar 
fields (Perelomov 1987). It was shown (Chervon 1992), that the nonlinear sigma model 
(NSM) is a possible candidate to the inflationary universe scenario as a generalization 
from the self-interacting scalar field (SSF) theory and multiple inflationary models. 
The SSF theory with any type of potential V((p) can be obtained from the two- 
component NSM by imposing special restrictions on derivatives of the chiral fields. 
That is why this model looks very attractive in the framework of inflation scenarios. 
The exact solutions for the two-component NSM minimally coupled lo gravity within 
the context of cosmological spaces will be discussed in the present paper. 

Let us consider the self-gravitating NSM (Ivanov 1983) in the presence of the 
cosmological constant. The corresponding action is 

S=| + (1) 

Here X = (.x^__ x"^) are the local coordinates of space-time (M, ^-^); (p = ((p‘,..., cp") 

is the multiplet of scalar fields which lies in a target or chiral space N with the metric 
is a coupling constant; g = |det((/jfc)l; (pf^: (p C-— Where repeated indices 
occur the summation convention is assumed. 

Starting from the surface of rotation 

dS; = d(/)^ + 2P((/))dx^, ip^ = ^ X (2) 

as a target space, it is possible to rewrite (1) in the form 

S= + + (1*) 

^On leave of absence from the Mo.scow Slate University Branch in Ulyanovsk, 42, Leo Tolstoy 
St., Ulyanovsk 432700, Rossija. 


65 



66 


S. V. Chervon 


By varying the action (1*) with respect to one can obtain the equations of 
motion 


1 n dP 

= (3a) 

•Jg 

^-^'’i(v'^2P(</))x‘) = 0. (3b) 

v» 

The components of the energy momentum tensor are 

'I'ik = ^{4>i<l>k + 2P(<A);fiZ«,} + 2P;c,.;f'}• (4) 

To get the equation of motion corresponding the SSF theory 

SssF=| (5) 

one needs to introduce the following constraints: 

(0 ~ ~ (ii) X(^') ts the solution of (3b). (6) 

As a rule in the context of inflation scenarios the potential of self-interaction 
F(0) > 0. Then the condition (i) implies that the chiral potential T(0) should be more 
or less than zero depending on the sign of the xd' 

It should be noticed here, that under restriction (6) the dynamical equations for the 
NSM (3) and for the SSF theory (5) will be the same. But the energy momenlum 
tensors are different. Namely, the right-hand part of (4) can never be reduced to the 
energy momentum tensor of the SSF 

TT - - 2F(0)]. (7) 

Therefore, the sources of gravitational field arc always different, even when the 
conditions (6) hold. 


2. Isotropic and homogeneous universes 

Let us now turn our attention to the gravitational field produced by the two-component 
NSM (1*). For the spatially flat space-times with the metric 

dS^ = (df)^ ^ K^(r){(dr)^ + + sin^0(d</>)^J). («) 

there exist three exact solutions; 

A = 0; = <; = -7-i; 

3Kl 




A 


A > 0; X^(f) = ho(cosh T = f,/3A; 


KCOSh^(T)’ 


(9) 
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A < 0; ro|cosy;|-^^ ==r 3 a^; /; -. 

K COS" rj 

- constants) 

All these solutions are independent of the chiral potential P{(l>) and correspond to 
extremely stiff matter with the equation of stale: p - r. t he fact that the scalar factor 
K^{t) IS independent of the chiral potential P(r/>) means that the deformation, saving 
the rotational symmetry o( the internal space (in our case, target space) does not affect 
on the gravitational field. 

Thus, we have got an exponentially ((9), A > 0) and power law ((9), A = 0) expansion 
of the universe (8), what usually needs for inhationary scenario. Besides, the oscillating 
type of the universe ((9), A < 0) is also obtained. The solutions for the chiral fields, 
corresponding to (9), will be presented elsewhere. 


3. Anisotropic universe 

The possibility of inflation in the anisotropic models of the universe has been considered 
by many authors (see, for example, Rothman &. Ellis 1986; Moss Sc Sahni 1986; Lidsey 
1992). Let us consider the case of Bianchi-1 type universe with the line clement 

dSl, - dr" B-{f)dr - r"(r)[dfE f d(/>"l. (10) 

The exact solution below indicate the possibility of p^^wer law expansion of the 
universe (10), when cosmological constant is absent. 

d.V" = dr" — ' ^^dr" — r"'‘' ^ "^{df^“ T d(g"}, 

Kt 

(j) = c^lnr + = r.jliw 

Pt(p} = Pf, = const, ~ = ;'3 + 2/'„c^. (11) 

k0( 

The solution (11) is an example of anisotropic inflationary model (Kofman, Sahni 
& Starobinsky 1983). This solution corresponds to ^slow rolling’ regime (Linde 1990) 
because the chiral fields' equations (3) lead to the restriction P ^ ^ const. Under 

this restriction the universes (9) are also permitted. 


4. Conclusion 

The cosmological solutions (9), (11) of the two-component nonlinear sigma model are 
independent of the chiral potential P(0) and correspond to extremely stiff matter. The 
exponential and power law expansion of deSitter and Friedman-Robertson-Walker 
universes are possible for the model under consideration as well as power law 
expansion for Bianchi-1 type anisotropic universe. 
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Perturbative Growth of Cosmological Correlations 


Somnath Bharadwaj Raman Research Institute. Bangalore .^60 0<S0, India 
and Joint Astronomy Program. Indian Institute of Science, Batigalore 560012. India 

Abstract. We briefly describe the results of our recent detailed analysis, 
using the BBGKY hierarchy, of the perturbative evolution of correlation 
functions in cosmological models. The equations for the evolutions of the 
two and three point correlation functions that are discussed here can be 
used to study the growth of clustering in the weakly nonlinear regime for 
various kinds of initial conditions. They can also be used to test approxi¬ 
mation schemes which are currently used to describe the nonlinear growth 
of density perturbations. As an example, we present the form of the three 
point correlation function that arises from Gaussian initial conditions in an 
^ 1 universe. This does not have the ‘hierarchicar form often assumed. 

Key words: Cosmologydarge scale structure of the universe—Galaxies; 
clustering. 


Here we shall discuss in brief some results, a detailed derivation and discussion of 
which are presented elsewhere (Bharadwaj 1993). The reader is also referred to Peebles 
(1980) for a comprehensive discussion of this subject. 

We consider deviations of the matter distribution in the universe from the homo¬ 
geneous and isotropic state. Correlation functions describe the statistical properties of 
these disturbances. We wish to study the evolution of the correlation functions due to 
gravitational instabilities in an expanding universe. 

The correlation functions only contain information about the spatial distribution of 
the matter. They have no velocity information. To study the dynamics one has to use 
distribution functions on phase space. The evolution of these quantities is governed by 
the BBGKY hierarchy. 

We choose initial conditions where the deviation of the matter distribution from the 
homogeneous and isotropic state is small, and is characterized by a small parameter c. 
Ail peculiar motions are also of this order. Then, by taking velocity moments of the 
first three equations of the BBGKY hierarchy we derive equations for perturbatively 
evolving the irreducible two and three point correlation functions. 

We display below the equation for perturbatively evolving the two point 
correlation function The parameter A is defined as 


where a{t) is the scale factor and t the cosmic time. Using this simplifies the equations 

69 



70 


Somnath Bharadwaj 


In the equation above / is a function (which is rather lengthy and not shown here) of 
order ' and higher which depends (^n the three point correlation function and the third 
velocity moment of the two particle distribution function. To the lowest order i.e. c", \f' 
is zero and the equation for c gives the results we expect from the linear theory of density 
perturbations. To go further, the evolution of the function / has to be considered. 

We have a similar equation for the three point correlation function also. To order 
this reproduces the results of linear theory. 

These equations can be used to perturbatively study the growth of cosmological 
clustering beyond the linear regime. They may also be used to test various approximation 
schemes used to describe the nonlinear growth of density perturbations. The pertur¬ 
bative approach will only work in the weakly nonlinear regime. It i.s hoped that 
a better understanding of the growth of clustering in the weakly nonlinear regime may 
motivate schemes to close the BBGKY hierarchy and get some understanding of the 
highly nonlinear regime. 

Next, we restrict ourselves to Gaussian initial conditions in a universe with ^1= \ . 
Many scenarios for the generation of the initial perturbations predict Gaussian initial 
conditions. In this case there is no initial three point correlation function. We use the 
equation for the three point correlation function to calculate the induced three point 
correlation function that arises from the two point correlation function due to gravity. 
In the calculation we have kept only the growing mode. The irreducible three point 
correlation function that arises takes the form 


where 


Cd, 2.3,1)= X 

a,b,( 


1 , d - 

-(5 4 2cos^())i{x)i(y) cos(T-~.c;(.x) vC(y) 

7 d.x 


4-^(1 — 3cos^f^)^(x)s(3’) -f ^(9cos^f-l - 3)i:(v)^(.v) 


( 2 ) 


In the equation above 


and 




I f"" 

^ J 0 


dx' 


y-l-x".-- x‘|, 

XV 


(3) 


where the subscript // refers to the cartesian components. The superscripts u, h and 
c refer to the points between which the correlation is being evaluated and are summed 
over the values shown in the table below. 


u 1 I 2 2 3 3 
6 2 3 3 1 1 2 
c 3 2 1 3 2 I 
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The three point correlation is of order 

In the linear theory the evolution is local. Here we see the first signs of nonlocality 
developing. The three point correlation function ^ does not depend only on the values 
of the two point correlation function i at the separations occurring in C. It depends on 
the two point correlation at all scales smaller than the scales where the three point 
correlation function is being evaluated. 

Fry (1984) has calculated the three point correlation function for the special case of 
power-law initial two point correlation function 

i(.x)-/lA (4) 

The result shown above agrees with Fry’s result when is less than three. For higher 
values of if the integral of the two point correlation function diverges and deviations 
from the power law behaviour are required at small separations to obtain meaningful 
results. 

The expression for the three point correlation function presented here can in 
principle be used to test the assumption of Gaussian initial conditions against 
observations. This can only be done at large scales where the perturbations are still 
weakly nonlinear. 
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The Formation and Evolution of Voids in the Universe 
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Sergei F. Shandarin Department of physics and /l.sfrnMtmu’. i' nii'crsit ] of Kansas, 
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Abstract. The formation and evolution of voids in the Universe are 
discussed using the semi-anaiylic approach of the adhesion model of 
structure formation. 

Key words: Large scale structure voids adhesion model. 


The distribution of galaxies in the sky is marked by the presence of coherent large 
scale structures such as clusters and superclusters of galaxies, as well as vast under- 
dense regions spanning volumes of order 10^ Mpc‘\ commonly called voids. Since the 
discovery of the collosal Bootes void (volume 10^ Mpe*’) (Kirshner ct al. 1981) the 
presence of voids in the large scale distribution of galaxies has been spectacularly 
confirmed both by redshifu as well as pencil beam survey's of the Universe. Indeed the 
most co mprehensive void catalogue to date records an esthnated 129 voids belonging 
to both galactic hemispheres (Kauffmann & Fairall 1991). 

The fact that voids might provide a key to understanding the large scale structure of 
the Universe was emphasised more than a decade ago, by Zeldovich & Shandarin 
(1982). Since then voids have been studied both analytically as well as numerically in 
a number of theoretical treatments (see Sahni et cil. 199.3 and references therein). In the 
present study we discuss the formation and evolution of voids in the Universe using 
a serni-analytic approach known as the adhesion model (Gurbatov, Saichev & 
Shandarin 1989). The adhesion model has been known to provide a very accurate 
treatment of nonlinear gravitational instability at very late times and for a wide 
variety of cosmological models including the currently popular Cold Dark Matter 
(henceforth CDM) model. Using the adhesion model we have attempted to answer 
such important questions as; 

Do voids evolve with time? (Ans. Yes they do.) Are voids necessarily empty? (Ans. 
No, not always, our simulations show that there exists a finite probability of a void 
having one or more mini-pancake running through it.) 

To substantiate these claims we show the results of our simulations (which average 
three realisations of the CDM spectrum using 128^ particles, in a 128Mpc box with 
periodic boundary conditions), for the present epoch, in Fig. 1. The right panel in this 
figure shows the number fraction of voids n(D,)/N where n is the number of voids 
having a diameter D,, /V = I,m(D,) 1500 is the average number of voids in our 

simulation. The left hand panel shows the associated void volume fraction 
i;(Z)-)/F = (n(D.) x TiDf /6)/F, V = Z, F(0.). We find that the volume spectrum of voids 
shows a fairly uniform spread for voids having diameters in the range 10 ^ ^ 30 Mpe 

where D is the void diameter. Approximately 65% of the total volume in voids is 
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F’igurt* 1. Number fraclion ol' voids in a certain diameter class (left hand panel) and the 
corresponding volume fraclion (righl hand panel) for the CT)M model 


contained in vends lying within this range. By contrast, the number spectrum of void 
sizes has a well defined peak on scales of ^ b Mpe, indicating that tlie most abundant 
voids in our simulation (40%) arc of this size. However, the net conlribution from 
such small size voids, to the overall void volume, is a liny -- 4%, 

We also find that the void spectrum evolves with time and that the average size of 
a void in the C'DM model grows approximately as Diz) ■- 1 I r, where /),, “s: 14 

Mpe, is the mean diameter of a void today and c is the cosmological redshift. (We 
would like to caution the reader that our results may be biased towards smaller void 
sizes simply because our simulations were performed with a limited dynamical range 
spanning a rather small ^128 Mpe toroidal Universe. Larger simulations being 
planned by us will help verify whether 14 Mpe is indeed a typical length scale for voids 
in a nuilistic (viz elTectively unbounded) CDM Universe). 

As mentioned earlier we find (hat voids can be populated by substructure such as 
mini‘Zeldovich pancakes. A measure of substructure is provided by the average genus 
chaructchstii per void, which is the total number of mini-pancakcs within voids of 
a certain diameter class divided by the total number of voids belonging to that class. 
Our results for the CDM model shown in Fig. 2 show that (a) larger voids have higher 
mean genus, and (b) roughly one out of every twenty voids is likely to be populated by 
a mini-pancake at the present epoch. In addition, we find that as voids grow older they 
also become progressively more empty and have less substructure within them. 

Our simulations also show the existence of a distinct correlation between the sizes 
of voids, and the value of the linear gravitational potential at void centers, the 
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Figure 2. Genus characteristic of voids for the CDM model; (a) Mean genus as a function of 
void size and (b) Genus averaged over all voids as a function of epoch. 
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Figure 3. Value of (he primordial gravilational polerilial as a function of (a) void size and |b| 
epoch, for power-law spectrum n -- 1. (See the text h)r details.) 


correlation becoming very significant at late times. In big. 3 wc show this dependence 
of gravitational potential (a) on void si/e for a fixed epoch, and (b) on epoch 
corresponding to dilTerent values of rT(t} which is defined in units of the r.m.s. linear 
density contrast on the grid scale: fT(/) - \ir\o F{k)k^dky " / uj/); where ci(() is the 
scale factor of ihe Universe: T{k) - \ > / A”, is the power spectrum and |fij is the 

spatial Fourier transform (>f the density contrast. The phases of the bouricr 
components are randomly distributed, so that the gravitational potential fix) has the 
statistical properties of a Gaussian random field. A cutoff was introduced into the 
spectrum by requiring that P{k) 0 lor k > (Physical processes which can give rise 
to such a cutoff include the free streaming of weakly interacting massive particles 
(WIMF^'s) such as massive neutrinos.) The figures correspond to n - 1. We find that 
not only is the value of the gravilational potential in general higher in the center of 
a larger void (l^’:g. 3a), but that the average value of the gravitalional potential 
evaluated at void centers increases with time roughly as ^ ^ fT(M (Fig. 3b). 

I'his observation could help us to rcconstruci the primordial form of the potential 
from an observation of void si/cs. 

Our results also show that, far from being a constant, the number of voids in the 
Umverse evolves, first increasing to a maximum value and then decreasing steadily. 
This behaviour of the void population reflects the growth of large scale structure in 
the Universe which proceeds in two complementary epochs. During the first, 
pancakes and filaments form, giving rise to the cellular structure of the Universe. 
During this period matter moves steadily along pancakes into hlaments (which form 
at the intersections of pancakes) and then along them into knots (which form at the 
intersection of filaments). The second stage witnesses the gravitational attraction of 
filaments and knots towards each other, resulting in their merger and the subsequent 
disruption of the cellular structure formed during the previous epoch. 
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Nonlinear Evolution of Density Perturbations 
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Abstract. From the epoch of recombination till today, the 

typical density contrasts have grown by a factor of about 10^ in a 
Friedmann universe with Q=1 Flowever, during the same epoch the 
typical gravitational potential has grown only by a factor of order unity. 

This lact can he exploited to provide a new, powerful, approximation 
scheme to study the formation of nonlinear structures in the universe by 
evolving the initial distribution of matter using a gravitational potential 
frozen in time. We carry out this scheme for several standard models and 
discuss the results. 

Key words: Galaxies: formation large scale structure of Universe. 


It is believed that structures like galaxies and clusters of galaxies formed out of small 
inhomogeneities via gravitational instability. In this paper we discuss a new 
approximation scheme called Frozen Potential Approximation (hereafter FPA) 
(Bagla & Padmanabhan 1994a: Brainerd el al. 1993) for studying the nonlinear 
growth of inhomogeneities and to summarise the results. 

The exact trajectory of a particle in a Friedmann universe is described by Ihe 
equations: 


d^x 3 d\ 
da^ ^ la da 


3 , f) 

- Vi/^; V^iA = -, 
la a 


( 1 ) 


where a{l) is the expansion factor, x is the comoving coordinate, is the background 
matter density, and ip is the scaled gravitational potential ip — {2/?>Hf^)(p. In Zeldovich 
approximation (ZA) (Zeldovich 1970; Shandarin & Zeldovich 1989), it is assumed that 
the velocity of a particle remains constant along its trajectory thereby leading to the 
trajectory x(fl) = x-„ Zeldovich ansalz can be used to show that the first 

structures to form in a generic gravitational collapse are planar surfaces of high 
density, the so called pancakes. The unrealistic part of dynamics in ZA is that particles 
continue to move (after collapsing and forming a pancake) with the same velocity 
leading to thickening of pancakes. 

It IS possible to generate a better approximation (Bagla & Padmanabhan 1994a; 
Brainerd et al. 1993) by freezing the potential at the initial value and evolving the 
density perturbations to mildly non-linear density contrasts with much more realistic 
dynamics. The trajectories are now evolved using (1) but with a fixed potential: 


d^x 3 d\ 

da^ 2a da 


2a 


( 2 ) 
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In FPA, the particles move towards the minima of the potential and then oscillate 
about it with a decaying amplitude due to the expansion of the Universe. We now 
discuss several results of this approximation. 

The two approximations are compared visually in Fig. 5 which gives slices [with 
dimensions (96 x 96 x 15) (h ' MPe)^] of the universe in these schemes at different 
epochs for COM normalised to COBE. It is obvious that at early stages (z » 1) of 
structure formation, all approximations give similar results, while at later stages 
(z 0) the differences are quite prominent. Pancakes do not thicken in FPA and, at 
late stages, clumpy structures dominate. In Fig. I we have shown the density contrast 
cT(r) defined as ~ ^ with (^(r) 3,/3(r)/r ' for three redshifts for standard CDM using 

I PA. For comparison we have also plotted the N-body result at z = 0. 

The FPA can be quite useful in studying the evolution of voids in the universe. One 
way of estimating the sizes of voids is to compute the rms displacement of particles in 
a simulation (Shandarin 1992) which can be related to the average diameter of voids 
by where (for spherical voids) k ~ 1.3. The thick line in Fig. 2 shows the 

evolution of d^^^ for CDM and HDM. For the standard CDM model, we find that 
^rms - 9lz ^ MFV" at z ~ 0. The behaviour of can also be studied analytically in 
some special cases (Bagla & Padmanabhan 1994b)- Consider, for example, the motion 
of particles near a local density minima. The density profile away from the centre of 
a low density void can be approximated as - —{r/L) " where n is a positive 
constant. In this case, equation of motion has one simple solution: 


_ 3rr 

(3-n)(nE 2) 


(3) 



1 ? S 10 20 

r (h 'mPc) 


Figure 1 . Evolution of density contrast in the Frozen Potential Approximation. Also drawn 
here is the curve for density contrast obtained from N-Body for j ^ 0. Here the density contrast 
is defined as cr ^ 




Nonlinear F.volution of Density Perturbations 


79 


which holds for n<3. For a gaussian random field, the profile of density around 
a density extrema is a power law with the same index as the correlation function 
(Bardeen et al 1986 (BBKS)). For our universe, the index of the correlation function is 
about 1.8, and we expect the voids to grow as ” or (J + z) * ' ^ in the late stages. 
However, in the linear limit, we expect the void radius to grow as a. While calculating 
f^'om simulations, we average over regions with different index n and hence expect 
to grow at a rate intermediate between a and t/' ’ These features arc clearly seen 
in Fig. 2.1’he two dot-dash lines indicate growth proportional to a and n ^ ^ and have 
intercepts chosen to match with for COM. 

Finally, let us consider the accuracy and limitations of FPA. It can be shown that 
the relation between true density contrast and the linear density contrast rr] 
(Hamilton et ai 1991; Nityananda et al. 1993) is well approximated by; 

I (T^ib a) (for < 1) 

rr^(.x. Cl) x 1 [af il n)] ' (for 3 < rr' < 50) (4) 

1 ['T,’(/,«)]■’'’ (for 50<rT^), 

where I ~ x(\ y -(Bagla & Padmanabhan 1994b). I'aking ai{ba) xcFl ^ 
where n is a local index, we gel for (cr/a): 

(T(x.a) (a 10<r7'<5() 

“<7" [ti 50 < a'. 



Figure 2. Evolution of Here is plotted as a function of the scale factor, the continuous 
line is for CDM and the dashed line corresponds to HDM model. Dot-dashed lines have been 
drawn for the power law solutions, a and ^ for early and late limes respectively, as discussed 
in the text, 
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Figure 3. Variation in potential with scale factor We have plotted the variance of potential 
C as a function of the scale factor for r = 1,5,10, 50, and 1(K) h ‘ MPc. 



Figure 4a. An F’PA simulation in two dimensions 
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Figure 4b. An A^-body frame from a H-d siituilalion for the same initial [Kilential as that used 
in h'ig. fa 1 he paneakes arc much tliinncr than the ones in the t FA sinuilalion. Also notice the 
shift of pancakes in this case. 


In the standard C’DM model 2 in the nonlinear domain ((T“ > 50) and n ^ ( 1 

to 2) in (he quasilinear regime. From (5) we see (hat (fi/o) remains constant for 
n 1 and n ^ - 2 in the quasilinear and nonlinear regimes respectively. Hence in 
CDM like spectra, there is a conspiracy of indices ensuring that there is very little 
change in the gravitational potential. Fig, 3 shows i// at four diflcrcnt length scales in 
standard CDM model, as a function of scale factor. It is clear that constancy of \p is 
a reasonable approximation for CDM like spectra. 

The FPA, however, is not accurate at small scales, for a different reason. If the 
streaming velocity at a (large) length scale Lis i (L) then structures at (his scale would 
have, on the average moved a distance of *i (L). In CT3M models at scales 
L^50h ' MPe, r::^ 2()()kms hence these structures could have moved about 
//y ’ r 2 h ' MPe by now. Thus at scales smaller than about 1 h * MPc we would 
expect the approximation to show some inaccuracy due to motion of pancakes. 

These aspects can be clearly seen in Fig. 4a, b which compares FF’A with exact 
A/-body simulations in 2D. The pancakes in A'-body simulations arc thinner than 
those in FPA (due to deepening of potential wells) and are also slightly shifted with 
respect to those in FPA. 

The FPA is a powerful approximation which can be used to obtain approximate 
results, numerically as well as analytically. A very strong point in favour of (his 
approximation is that il contains full information about velocities and therefore it can 
be used to study various models in the redshift space. 
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Figure 5. Evolution of density perturbations in CDM for Frozen Potential and Zcldovich 
approximation. I hese frames, from left to right, correspond to a ~ 0.2.S and 1.0 respectively. The 
top row of frames is for FF^A and the bottom row is for ZA. 
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Neutral Hydrogen at High Redshifts as a Probe of Structure Formation 
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Abstract. Structure formation at z< 10.0 can be delected and studied 
using the 21 cm line emission from the neutral hydrogen. Two of us 
(Subramanian & Padmanabhan 1993. Paper I) had earlier computed the 
expected abundance of protocluslers as a function of the flux density at 
various redshifts, in the Cold dark matter (CDM) and the Hot dark matter 
(HDM) models. Here we work out in detail how the HI line profile from 
a single spherically symmetric prolocluster evolves as it decouples fiaun 
bubble expansion and collapses. We find peak fluxes of the HI line profile 
to be typically of i^rder 0.4 O.H mJy while the widths (h WHMI are of order 
0.6 l,5Mhz. Such protocluslers could be detectable by the Giant 
Metrewave Radio Telescope (GMRl ) which is being built in India. 

Keywords: Structure formation protocluslers GMRT 


1. Introduction 

Cialaxies and large scale structures in the universe may originate by the growth of 
small initial perturbations via gravitational instability. In this picture it should be 
possible to detect neutral hydrogen in the protocondensates by observing the 
redshifled 21 cm line (Sunayaev & Zeldovich 1972, 1974). I he GMR F presently being 
constructed in India is expected to provide a sensitive instrument for detecting such 
protocondensates (Swamp 1984). It is. therefore, interesting to work out the expected 
llux of redshifted 21cm emission in various models of structure formation and 
compare the results with the expected sensitivity limits of future instruments like 

GMRT 

In Paper 1 twt> of us had computed the expected abundance of protocondensales 
which will emit a flux higher than .S7 at various redshifts, m the (^DM and HDM 
models, normalised using the COBI7 results. Here we complement the study in Paper 
I by working out in detail how the HI line profile from a single protoclustei evolves as 
it decouples from bubble expansion and collapses. Our calculations assume that: (i) 
The protoclustcr consists of small scale clumps of HI gas, as is likely in hierarchical 
clustering theories of galaxy formation (Paper I and Subramanian & Swamp 1992). 
(ii) The density profile of the protocluslers is spherically symmetric and the density 
contrast is a decreasing function of the radius. We will also test the sensitivity of the 
results to changes in the assumed density profile. 
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2. Evolution of the line profile 


Consider a spherically symmetric perturbation with excess density contrast 
monotonically decreasing with r,. As the protocluster evolves, shells at larger and 
larger radii decouple from the bubble expansion, turn around and collapse. T he 21 cm 
line emission from dilTerenl volume elements will be rcdshifled differently because of 
the peculiar velocity of the elements and hence will be observed at different frequencies. 
By properly adding them, we can obtain the energy emitted by such a condensate as 
a function of the observed frequency. 

In the spherical model the lime evolution of a shell of radius r in the condensate is 
given by r(7 ) (3.x/K^,(a')) (1 - cosi//) where t ^ sini//). 

Here -x = [n(t^,)/n(/,)]r, =(1 + z-)r; is the comoving radius of the shell and 
hoi.x) <do(A)> =(3/5) (1 4 2 ,)r\(r,) is the average excess density contrast within the 
shell, extrapolated to the present epoch (We have also assumed a flat universe with 
Q - 1 .) f rom these equations it is simple to work out how the velocity and density 
profile of the protocluslcr evolves (Peebles 1980; Padmanabhan & Subramanian 1992). 

The energy emitted per unit time in 21cm line radialion from a small volume 
d vdyd:: of the prolocondensale is dT = ( 3 / 4)42 ^ hr^.(Pi,,(.x, v, cl VM^Jd vdydz, Here A 21 
IS the spontaneous emission rate, is the frequency of the 21 cm photon, m^, the 
proton mass and the neutral hydrogen density which we lake to be a fraction, 
/ say, of the total mass density. To compute the luminosity per unit frequency interval, 
dn(v)/dv, from the protocondensatc, we transform dT from (x,y, r) to the (v,y, v) 
(sky-frequency) co-ordinates, and integrate the emission over the sky. This 
transformation introduces a Jacobian factor of di/T: / rrJPz in the denominator. 
Knowing the expressions for p(x, y, r,/), and i\.(.v, y, z,/), we can explicitly compute the 
evolution of the line profile at various redshifls. 

In particular we have taken here the spherically symmetric form for />(r, f) and r (r, r) 
calculated as above. In this case it is more convenient to use (r, 0, 0) co-ordinates and 
transform 0 to v using = (v^y( I 4 zj) (1 - (r(r, r)cos 0/c)) where z, is the redshift of the 
protocluster. We then have 


du(v) 

dv 


371 

Y 


A 2 1 hc (1 4 




p„i(r.f)r^dr 


( 1 ) 


In evaluating dn/dv we should keep in mind that (at a fixed v), only those values of 
r satisfying the above v 0 relation for some 0 will contribute to the integral in ( 1 ). We 
can also compute the observed flux as a function of frequency by dividing ( 1 ) by 47 t/)/ , 
where Di is the luminosity distance of the = 1 TRW Universe. 

For explicit computations we have adopted an initial density profile of the form: 
(^q(()) [1 4 (x/u)^] " for X < R and zero for x > R. We have chosen R =■ 15.09 Mpe 
corresponding to a protocluster of mass 10' ^ Af and n = 3 Mpc. We have calculated 
the line profile for three different density profiles oc = 1,3/2,5/2 and also for the top hat 
profile t')(,( x) = constant. The central density contrast /)f)(0) is chosen so that the excess 
density contrast of the protocondensatc is n x cr^.p^^fR) where n — 1 . 0 , 2 .5, and o-^pmIR) 
is the mean square fluctuation in the sphere of radius R in the COM model normalised to 
the CO BE/ results (note that this is the only model we consider here). The neutral fraction 
/ is somewhat uncertain and we have taken it to be 0.025 (see also Paper 1 and 
Subramanian & Swarup 1992). Further wc have cut off the contributions to the flux from 
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shells which have collapsed to a radius more than half Ihcii turn around radius. I his is 
to take account of the pos.sible ionisation of HI once collapse and virialisalion occurs. 

In Fig. 1 we plot the emitted luminosity per unil velocity range (r j (in units of 
lO'-ergss Mdz ') at different stages of the evokitiim (i’- 8.5,5. L3..14) of the 
protocondensate for a = 1 and taking it to be a Irr fluctuation. As shells at larger and 
larger radii turnaround, the peak luininosity increases, while the half width decreases. 
Indeed, the peak flux can become arbitrarily high, since there could be a caustic in the 
velocity space. However, the internal velocities of the small scale clumps in the 
protocluster will in general lead to the smoothening of ihe line and so a peak finite 
height. To take this into account, we convolve the emission prolile with a gaussian of 
dispersion rr,. ~ 100 - 2(K)kms velocity widths typical of lumiuou> galaxies. 

The raw and the convolved (f7,. = 200kms ’) line profiles (flux ^ Irequcncy) are 
showm in Fig. 2 for r ^ 3 34, one of the redshifts which will be probed hy the (jMRT, 
for both a Irr and a 2.5rT fluctuation (solid and dashed lines l icspond to the 



Figure I. The eniissivity line prolile at different stages of the evolution (” - 8.5,5.1,3.34) of the 
proioeondensale for ex 1 and taking the protocondensaie to be a \n fluctuation. 



° Z21 326 329 330 331 


Frequency (MHz) 


Figure 2. The raw and the convolved (<t, 200kms' M line profiles (flux vs frequency) for 

2 = 3 . 34 , for both a la and a 2.5a fluctuation. Solid and dashed lines correspond to the 
convolved and raw profiles respectively. 





86 


A, Kumar, K. Subramanian & T. Padmanabhan 



Figure 3. The convolved line profile for difl'crcnl initial density profiles (of - 0,1,3/2,5/2) taking 
the pri^oclustcr to be a 3rT fluctuation. 


convolved and raw profiles respectively). The peak fluxes of the convolved line profiles 
that we have looked at are typically of order 0.4 - 0.8 mJy while the widths (KWHM) 
are of order 0.6 1.5 Mh/, depending on rr, and the value of n. If one c(’»nsiders 

a protocondensate with twice the mass adopted above the fluxes also correspondingly 
increase by a factor ^ 2. Note that the expected due to the thermal noise m 
(jMRT at the corresponding frequency (327 MHz), for 10 hour integration and say 
a bandwtdth of 3(X)Khz is about 0.16mJy. This assumes the source to be within the 
synthesised beam, which typically encompasses a mass 5 x 10’.Also 
increases very little for a factor of two increase in the beam size (R. Subrahmanyan, 
private communication). So typical protocluslers could indeed be detectable by the 
CiMRT. Finally in F'ig. 3 wc illustrate the effect of assuming difTerent initial density 
proliles (a - 0,1,3 2,5/2) for a protocluster which is a 3(7 fluctuation. One sees that 
changing from 0 to 5/2 leads to a decrease of the peak flux by a factor ^ 2. 

The parameters of a protoclustci which we have adopted here appear to us to be 
quite reasonable. Wc have taken a prolocondensate with the mass corresponding to 
a rtch cluster and considered 1 3rr fluctuations in a COBF. normalised CITM model. 
T he major uncertainly in our calculations is the neutral fraction / which we have 
taken here to be 2.5“» of the total mass, f or a dilTerent value of / one has to simply 
scale the flux in Figs. 2 and 3 by //(0.()25). Our results indicate that typical 
protocondensates in the COM model could be delectable by the GMRT. 
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Abstract. Because of a number of unsatisfactory features of the standard 
hot big bang cosmology, it is argued that there is a case for exploring 
alternative approaches to cosmology. The approach described here called 
the quasi steady state cosmology (QSSC), uses a field theoretic description 
of matter creation within the framework of general relativity. 

A cosmological solution with the universe expanding exponentially 
along with cycles of expansion and contraction arises from mini-creation 
events taking place near the event horizons of highly collapsed massive 
objects. The now familiar phenomena like O^Os, AGN, radio sources, etc. 
are the manifestations of matter creation in such events, In this way 
cosmology is seen to be related to high energy astrophysics in a very direct 
wav. The QSSG can explain the abundances of light nuclei and the 
microwave background, the observed large scale features of the universe 
like the /?i z relation, the source count, ihe angular sizc-redshift relation, as 
well as observed distribution of the ages of galaxies. 

Key words: Cosmological models creation of matter steady state 
cosmology. 


1. Introduction 

Despite a widespread support for the standard big bang cosmology, the theory has 
failed to resolve some of the basic issues of cosmology such as (i) determination of the 
temperatures of the microwave background, (ii) the relationship of its very small 
anisotropy to large scale structures in the universe, (iii) a workable theory of structure 
formation consistent with observations of dark matter and the large scale streaming 
motions, (iv) the relation of discrete source populations to a realistic view of the 
evolving universe, (v) the awkward observations of the very old and very young 
systems of galaxies, globular clusters etc., (vi) the lack of any link between the 
primordial big bang and the smaller and relatively recent origin of violent phenomena 
like the QSOs and AGN and (vii) the theoretical problem of describing the big bang 
event within conventional physics. 

For details of these points see earlier work of Arp et al. (1990) and Hoyle et al (1993). 
Our main purpose here is to argue that despite the popularity enjoyed by the big bang 
cosmology today, the above list is sufficient to motivate an alternative approach to 
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cosmology, an approach that does at least as well as the big bang and is better able to 
deal with the above issues. 


2. Local creation of matter and cosmology 

In 1948 Bondi & Gold (1948) and Hoyle (1948) had independently proposed the 
steady state theory as an alternative to the big bang cosmology. Bondi ^ Gold had 
adopted the Perfect CosmoUjgical Principle as the starting point of their approach 
while Hoyle had taken a heid theoretic description of matter creation as the main 
motivation. Here we will follow the second approach but with some significant 
modification. 

The field equations are derived from an action principle. Although Hoyle et ai 
(1993) considered a direct particle interaction approach motivated by Mach’s 
Principle, the following simplified derivation essentially reproduces their equations in 
the more familiar field theory format. Thus the classical Hilbert action leading to the 
Einstein equations is modified by the inclusion of a scalar field C of zero rest mass 
whose derivatives with respect to the spacetime coordinates v' arc denoted by C’,. For 
the notation followed and further details see Narlikar (1993). To allow for explicit 
description of creation the worldline of a typical matter particle has a beginning at 
a finite point in spacetime. 

Thus, if the worldline of particle a begins at point 4, then the action principle gives 
a necessary condition for creation of mass as 

( 1 ) 

This is the ‘creation threshold’ which must be crossed for particle creation. 

Calculations show' that a highly collapsed object of mass M and radius R (say) can 
achieve this condition close to its surface. Lor, C-C' increases as (1 ^ IGM/c^r) ' as 
r -^R^2GM So it is possible for the creation threshold to be reached near 
a massive collapsed object even if it is hekm the threshold far away from it. Thus, 
instead of a single big bang event of creation, we have mini'Creation events (MCTis) 
near collapsed massive objects. 

The C-ficld tensor has negative stresses which lead to the expansion of spacetime, as 
in the case of inflation. The formalism described here is essentially that used by Hoyle 
& Narlikar (1962, 1966a,b) in the 196()s to produce inflation type solution (which, of 
course predated .iuth’s inflationary cosmology by 15 years!). 

Since the C-lield is a global cosmological field, we expect the creation phenomenon 
to be globally cophased. Thus, there will be phases when the creation activity is large, 
leading to the generation of the C-field strength in large quantities. However, the 
C-field growth because of its large negative stresses leads to a rapid expansion of the 
universe and a consequent drop in its background strength When that happens 
creation is reduced and lakes place only near the most collapsed massive objects thus 
leading to a drop in the intensity of the (’-field. The reduction in (’-field slows down 
the expansion, even leading to local contraction and so to a build-up of the G-ficld 
strength. And so on! 

We can describe this up and down type of activity as an oscillatory solution 
superposed on a steadily expanding dcSitter type solution of the field equations by 
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a scale factor that varies with cosmic time t as follows; 

5(f) = exp(^~^|l -|-acos-|^| (2) 

Note that the universe has a long term secular expanding trend, but because |a| < 1, it 
also executes non-singular oscillations around it. We can determine a and our present 
epoch t = by the observations of the present state of the universe. Thus an 
acceptable set of parameters is a = 0-75, = 0 85^, () - 4 x 10 'P = 20Q. 

Although the set is not unique and there will be a range of acceptable values, we will 
work with this set to illustrate the performance of the model. 


3. The origin of nuclei and the microwave background 

We have as yet not said what particle is being created by the C/-field. I he answer is, the 
Planck particle whose mass is ^ (3/7/47r(/)'^^ ^ 10 ^g. This particle, however, has 
a very short lifetime--10 s. It decays ultimately into the baryon octet and 
radiation. Most members of the octet except n and p are also short-lived and decay 
into protons. Only the neutron and the proton combine into stable helium nuclei. 
Thus approximately 25% by mass (2 out of 8 baryons) combine to form helium. 

A more careful calculation gives the helium mass fraction to be around 23%, with 
a tiny fraction of 12% in the form of metals. This type of nucleosynthesis also 
generates ^H, ^He, ^Li, ^Li, '^Be, ’^^Be etc. in small amounts that arc in agreement 
with the observations and m fact, lead to a better agreement than in the big bang 
model. 

There is one further important consequence. In the big bang model the required 
production of deuterium imposes a stringent upper limit on the present day baryon 
density. This limit forces us to assume that the dark matter component of the universe 
must be largely nonbaryonic. In the QSSC, there is no such density limit from 
deuterium abundance and thus the dark matter component can he haryonic. We will 
discuss this point further in the following section. 

What about the microwave background? The QSSC obtains it in the following way. 
First, each Planck particle decay is like a fireball: it produces lot of energy, including 
baryons ( ~ 10*^^ per Planck particle) and radiation. Bulk of the fireball energy goes 
into expansion. However, some radiation remains as relic of the fireball. Together 
with the starlight generated in the preceding oscillatory cycles this energy is to be 
thermalized to provide the microwave background. Docs it provide enough radiant 
energy to give a 2 7 K background? Is the background thoroughly thermali/ed to 
produce a black body spectrum? Also, is it homogeneous to the extent given by COBF2 
(Smoot et al 1992) and other measurements? Quantitative studies (see Hoyle et ai 
1993: preprint) answer all these questions in the affirmative. 

Quantity-wise the starlight from several past generations of stars is sufficient to 
maintain a steady background of radiation whose present temp)erature is calculated to 
be ~ 2.7 K, provided, some agency is available to thermalize it. The agency proposed 
is dust in the form of metallic needles, mostly of iron which absorb the ambient 
radiation and reradiate it in the microwaves. Provided this has gone on long enough, 
the radiation spectrum will have an accurate black body form. Calculation shows that 
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indeed the thermalization has occurred through as many as 10^ absorptions and 
remissions by iron whiskers sufficient to ensure an extremely close approximation to 
the black body curve. The iron whiskers are typically ~ 1 mm in length and 10 ' ^ cm 
in radius of cross section. The iron itself is produced partly from stellar 
nucleosynthesis in supernovae and partly from the decay of the Planck particle. The 
required density in the form of such whiskers is only ~ 10 gem ^:well within the 
observed cosmic abundances of iron. Further, it can be shown that the background 
produced will be very smooth with a patchiness of density of the order of 10“^. 
F'^lucluations of density and temperature of this or larger order get smoothed out by 
redistribution of iron grains l;y the radiation pressure. For fluctuations on smaller 
scales the dynamical smoothness-restoring forces arc too small to make the radiation 
smooth. Thus, the COBE finding AT/T^ 10 is consistent with the above picture. 


4. Relationship to cosmology and Astrophysics 

Wc highlight here the performance of the QSSC in the three classic tests of cosmology. 

(i) The red shift-magnitude relation: For the oscillatory steady state model the 
apparent magnitude is not a monotonic function of distance; nor so is the redshift. 
Both m and z decrease as we go past the last oscillatory minimum. At magnitudes 
fainter than, say 24, we may see moderately blueshifted sources from the previous 
cycle. 

(ii) The counting of radio soiirces: In the source count curve calculated for a typical 
low frequency survey there is a super-Euclidean slope at high flux levels arising from 
contributions of sources from previous cycle in addition to those from the present 
cycle. Indeed, this and other features of the source count curve observed over a wide 
range of flux densities from -- lOmJy to -- lOOJy (sec for example Kellermann 
& Wall 19H6) can be matched by our theoretical curve without recourse to any 
evolutionary parameters. A source may be located several cycles back and yet have 
a modest redshift. Optically such a source may be unobservable, but in the radio it 
would still have a detectable flux density and may be classified as an empty field. 

(iii) The angular siie-redshifl relation: This test first proposed by Hoyle (1959) has 
not, however, yielded any clearcut answer as there are several observational 
uncertainties. A detailed w orking out of Hoyle’s formula for the QSSC shows it also to 
be compatible with Kellermann's (1993) findings for compact radio sources. For the 
larger sources considered by Kapahi (1987) and others the linear size would be 
expected to be more and more compressed as we go more and more towards the 
oscillatory minimum. Calculations by Hoyle et ci/. (1993;preprint) show that this leads 
to a fall off not very different from the 1/z law found by Kapahi. 

The minicreation events (MCEs) have several points of contact with astrophysics. 
We briefly enumerate a few: 

(i) GraDify wauc sources: The explosive creation near compact massive objects 
makes them potential sources of gravity waves, provided the events are sufficiently 
anisotropic. Narlikar & Das Gupta (1993) have shown that such events in the mass 
range of K)0-1(XX)M^^ can be detected by the laser interferometric detectors being 
planned worldwide. Further, the gravity wave background created by such MCEs 
may also delectably afl'ect the liming mechanism of millisecond pulsars. 
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(ii) High energy sources: The explosive nature of energy generation in QSOs and 
AGN as well as in the gamma ray burst sources makes the MCEs ideal candidates for 
these energy sources, 1'his is in keeping with Ambartsumian’s conjecture (1958, 1965) 
that the AGN are likely sites for matter creation in explosive form. 

(iii) The age of the universe: According to QSSC the universe is infinitely old but the 
average age of astronomical objects is 1/3 P ~ 3 x 10^' yrs. This makes many clusiers 
much older than hitherto assumed. Even our Galaxy might have age of this older with 
vSeveral generations of stars formed, evolved and burnt out. The dark matter 
component in the Galaxy may be largely made of burnt out stars. 


5. C oncluding remarks 

In this alternative cosmology there is considerable scope for inptits from high energy 
particle physics, in particular (i) in giving a quantum formalism of the C-field (which is 
described here only classically) and (ii) in working out the details of how the created 
Planck particle decays to baryons. 

Some of the main predictions that distinguish the QSSC from big bang cosmology 
are (i) the existence of faint blue shifted galaxies (li) the dark matter turning out to be 
baryonic (hi) the existence of very old and very young galaxies (iv) the detection of 
gravity waves from the MCFs, and (v) the evidence for matter creation in sources of 
high energy astrophysics. 
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Abstract. We argue that a simple and natural inhomogenisation and 
anisotropisation of the Iriedman-Robertson-Walker (F RW) open model 
leads to the family of non-singular cosmological models. Further for 
cylindrically symmetric metric separable in time and radial coordinales, 

(he identified family forms the complete set of non-singular perfect Iluid 
solutions of Fmsiein's equations. 

Key words: Singularity free models non-singular models cosmology 
cy 1 i n d rica 1 sy m m e t ry. 


For the description of the present stale of our Dniverse. the standard FRW model is 
generally believed to be quite successful and adequate. 11 prescribes a liomogeneous 
and ist)tropic,distribution for its matter tamieni. It is realised, though, that such 
a character cannot be sustained at all scales, paiticulaily at very early stages of 
evolution when dissipative processes can no longer be ignored. (Onsideration of 
mhomogeneity and anisotropy at early times is also justihed for avoidance of special 
initial conditions and for formation of large scale structures in the Universe. 

1 he well-known examples ol anisotropic models are the Bianchi models, which 
have in recent times received considerable attention m the context of quantum 
cosmol(>gy and early Universe. Inhomogeneity has also been considered by several 
authors (Wainwright & (ioode 1980; Feinstein & Senovilla 1989; Patel tV Dadhich 
1992a, 1993a). The singular beginning of cosmological models is considered as the 
characteristic of the Firsleinian cosmology. All these models suBer from the 
singularity at t 0 irrespective of their isotropy and homogeneity properties. I his 
view IS strongly aided by the powerful singularity dieorems (Hawking & Fllis 1973) 
that predict inevitability of occurrence of singularity so long as GR and reasonable 
physical conditions arc adhered to. Thus a folklore had come to stay that the big-bang 
singularity is an essential feature of the relativistic cosmology and it r:an only be 
avoided by invoking unusual physical properties for matter or quantum and other 
fields or modifying GR. Several such models have been considered where singularity is 
managed by introducing one or more of these features (Bekcnslein & Meiscis 1980; 
Murphy 1973), 

On this background it was very remarkable when Senovilla (1990) found an exact 
solution of Einstein s equations which was free of singularity and had a physically 
acceptable behaviour for matter (p = 3p > 0). It gave a big jolt to the folklore. Here is 
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an exact GR solution with regular behaviour for physical and geometrical invariants 
and free of singularity (^f any kind. Thus GR does admit non-singular cosmological 
solutions wilh physically reasonable behaviour for its matter content. It was sub¬ 
sequently shown that, not only geometrical and physical invariants are finite and 
regular, the spacetime is geodesically complete (C'hinea et al. 1992). That is particle 
trajectories will never meet catastrophic conditions leading to their termination for 
arbitrary evolution m their proper time. This was the first non-singular solution, true 
to GR and confirming to all physically acceptable conditions. 

Now the question arises how does this solution escape the wrath of powerful 
singularity theorems that have been established for very general framework'.^ The 
theorems arc based on the four basic assumptions that guarantee regular and 
smooth behaviour for spacetime manifold, positivity of energy density (that produces 
gravity), proper causality conditions (prohibiting violation of causality) and existence 
of closed trapped surfaces, L xcept the last one, the first three seem quite natural 
and obvious. Let us first sec what do wc mean by trapped surface? In physical terms 
it means a surface that traps pheUons, i.e. both in and out going wavefronts move 
Inwards. That is gravitational tield becomes so strong that photons get trapped. 
Lhis may be a plausible slate for collapse of a body under gravity but certainly 
not so for cosmology, Lven for collapse (his should arise as a consequence of the 
field equations rather than a priory assumption. This concept has though played 
a very crucial role in defining a black hole but its role in cosmology is not al all 
obvious. It is doubtful whether it has any. For TRW model has the big-bang singular 
beginning but there occurs no trapped surfaces in the past and only the closed 
universe will encounter them in the future. By dropping the trapped surfaces 
assumption, the theorems can be rendered melTcclivc without loss of any physical 
and geometrical desirable features. Lhis is exactly what the Senovilla model does 
(Chmea el al. 1992). 

In the cosmological context it is justified to take the spacetime metric to be 
separable in space and lime coordinates and fluid motion to be irrotational Under 
these conditions it is easy to see that acceleration car. be non-zero only if shear is 
non-zero (Raychaudhun 1993). I rom the Raychaudhuri (1955) equation, it is cleai 
that for avoidance of singularity acceleration (pressure gradient that counter-acts 
gravitational attraction) must be non-zero. In this situation acceleration can only 
arise from shear, i.e. both shear (which though helps collapse) and acceleration must 
be present. The former arises out of anisotropy and the latter from inhomogeneity. 
Thus anisotropy and inhomogcneity become the essential ingredients of non-singular 
cosmological models. 

'Fhe obvious choice then would be to anisotropisc and inhomogenise FRW metric. 
It will not work straight away because FRW is spherically symmetric that cannot 
sustain shear with separability. We should hence give up spherical symmetry. This is 
what wc propose to do in the following way; transform FRW metric in cylindrical 
coordinates and then anisotropisc and inhomogenise it. Now it works (Dadhich et ai 
1993a, b) and the resulting spacetime is the identified family of non-singular 
cosmological solutions (Ruiz & Senovilla 1992). 

We begin with the FRW metric for the open Universe, 

ds^ df‘ - r^(r)(-f r^dfF-p r^sin^Mt/)^^ (1) 

V 1 + / 
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and transform it into cylindrical coordinates 

d.r - dr^ — ^ f ^ r^)d"^ + (2) 

by the transformation 

r = (sinh^r r^cosh^z)^ tant^ -(3; 

si nil z ^ /1 3 r* 

Further writing nir — sinh(m/^) and then dropping caps to write 

d.s^ — df" - T‘(r)(dr" 3- cosh^^(mr)dz^ 3- ni ^sinlr (/?jr)d(/r'). (4) 

Let us now inhomogenise and anisotropisc the KRW metric by writing 


d.v" “ r-\'osh'''3mr)(dr^^ - dr^) 7 '''cosh''’(mr)dz" - in " smh'(mr) 

1^ 'cos h' ( rnr}d(f>^ (5) 

where we have used the coordinate freedom to write t/,, Wc could have as well 

used the form (2). Taking the natural field u =-- 7"cosh"(mr)dt. the isotropy of Hiiid 
uniquely determines 


r - cosh(/cf). a ^ )\ (6) 

With this the metric (5) is the family of singularity free itiodels idenliticd by Rui/ 
Sl Scnovilla (1992). 

Notice that ni ^sinh^(rnr) is simply to ensure 2n periodicity for the angle (/> and 
elementary flatness near the axis and hence it does not participate in the inhomo- 
gemsation and anisotropisation process. Ruiz & Scnovilla (1992) have taken // 3 y ^ 1 
and dilTerent undetermined function of r in place ofcosh(n/r) and have found that all 
functions are expressible as powers of the same function cosh(/nr). For lime 
dependence 7 - cosh(A:r) is the general solution. I'ven if we take /T3 / ~ 1 and 
different / (/) functions, it turns out that they can all be given as the powers of the 
single function, as given by (6). I hus the metric (5) with (6) forms the complete set of 
singularity free solutions of cylindrically symmetric metric with separable functions of 
r and t (Dadhich ct al. 1993b). 

For singularity free models, both Weyl and Ricci curvatures should be regular and 
their regularity for the metric (5) also demands a -The isotropy of pressure 
constrains the parameters and it can be shown that the only two following cases give 
rise to singularity free models; 

(i) h — c, a = }', a 3- 1, t/ -- h/( 1 3- 2/>), k = (1 3- 2h)m, 

(li) /i 3- c ^ I, a = y, (X 3- /? = 1, u ^ h{ 1 h), k ^ 2m. 

In the former case there does not occur an equation of state p - pp in general, 
however for b - - (1/3) we obtain the Scnovilla radiation model with p — 3p. In the 
latter case it is always p- p giving the stifl matter model (Patel & Dadhich 1993b). 

The matter free limit (/> = ()) of the stiff matter model yields two distinct singularity 

free vacuum solutions. It may be noted that all these are the general solutions in the 
given setting. 
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For Ihe case h = (, the pressure and density are given by 


HnpA" 




2h] 


j k^cosh ^{mr) 


{3h 4 l)(/7 4- 1) 


(1 Alh) 

h{2h 1)(2^36) 

(iTSp 


/(^cosh ^{kfl 


k^ cosh ^(mr) 


(\^2hf 

(36 4- 1 )(b A 1), 2 


( 1 ^ 26 )^ 


cosh ^(/cr). 


( 7 ) 

(K) 


and expansion, shear and acceleration parameters read as follows: 

(^ = (a 4 l)A sinh(/cr)cosh '(/cr)cosh “(r/ir) (9) 

-~ ^(2a- sinh^(/cr)cosh ^ ^^(/cf)cosh (10) 

ii^ — — aw sinh(wr)cosh “(/i/)cosh " ^ (mr), (11) 

where ,4 = cosh'*(/cr)cosh“(m/'). It is clear that both physical as well as kinematic 
parameters are regular and finite for whole of spacetime. 

The metric (5) has been shown to be geodesically complete (Dadhich & Patel 1993c) 
in general without reference to any matter distributions with the parameters 
constrained as cx 0, a -f /f > 0, a ^ /i a ^ 0, a 4 6 ^ 0, a ^ h and b ^ 0. 

1 he overall behaviour of the model is similar to the Senovilla radiation model. At 
^ ± ^ spacetime curvature and physical as well as kinematic parameters tend to 

zero though the metric docs not go over to the Minkowski form. At /-► - a the 
Universe has vanishingly low density, as / increases it contracts and becomes dense 
until 1 -=■- 0 is reached. At any given r, p is maximum al t = 0 and at any instant p is 
maximum at r - 0. The density is absolute maximum at f -0 and r — 0, which can 
arbitrarily be prescribed by choosing the free parameter k. At f =- 0 contraction turns 
into expansion and shear also changes its sense. The acceleration does not let the 
universe to collapse into a singularity. For f > 0 it expands and attains the low density 
state again as t / . 

The metric (3) with (6) can as well be cast in the form 

ds^ - {] A k^ rf ‘(It nrr^fdt^ - (1 A k^ t^Y( \ -f- ’ dr^ 

(1 4 nrr)Mz"-r(l Ak^rYi^ 4 m'r“)'d(^^ (12) 

which reduces to the FRW form (2) for ol — fi ~ 1, a = c ~ 0 and b = 1 where T(t) — 
(1 4 k^t^). It is interesting that if one just uses hyperbolic or (I 4 functions, 

which are clearly the obvious choice for singularity free spacetime, one ends up with 
the family of singularity free models. 

One may ask the question, how robust is the singularity free framework in relation 
to accommodating other force lields? It turns out that viscosity cannot be included 
withemt sacrificing positivity of viscosity coefficients for all time (Patel & Dadhich 
1992b) while the radial heat flow can easily be included (Patel & Dadhich 1983c). Both 
the cases above can be generalised to have radial heat flow. Note that for p = pp, p can 
have the only two discrete values (p - 1,3). If we introduce massless scalar field 
alongwith perfect fluid in the case (i), the resulting fluid can have an equation of stale, 
4 > /! > 3, opening out a narrow window for p. 
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We are now investigating a general diagonal metric without any symmetry but 
separable in space and time coordinates for non-singular cosmological solutions. It 
turns out that when the metric depends upon all the three space coordinates, the 
isotropy of fluid pressure requires vanishing of shear and hence only singular 
solutions can emerge because acceleration vanishes. The family ol non-singular 
solutions discussed above has the only one space coordinate dependence. For two 
coordinates dependence we can have shear and consequently acceleration non-zero, 
that means there may occur another family of singularity free solutions This is what 
we are currently trying to find. 

Finally the most pertinent question for the singularity free models is: how to evolve 
them into the (present day) FRW models? The question is inherently very difficult 
because the former are cylindrically symmetric w herein a direction is singled out while 
the latter are spherical having no identifiable direction. It may be noted that the ratio 
of shear lo expansion, that measures the anisotropy, is a constant for these models 
This means anisotropy will not decay but stay for all times. Since the discovery of 
these solutions it is for the first time some sort of linkage to the physically interesting 
FRW model has been pointed out. The affirmative answer to the above question will 
undoubtedly have a very important bearing on our overall cosmological perception of 
the Universe and particularly for the early Universe cosmology. 
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Abstracts 

Nonexistence of Nonstatic Sourceless Abelian Gauge Strings in a 
Robertson-Walker Universe with A = 1 

D. Bhattacharyya & S. Banerjl The Cmi ersity of Bunlwun, BurJwon 713 104, ImiiiL 

A model of a sourceless Abelian gauge string was examined by Morris in a Robertson- 
Walker universe with flat space {k~0) and showed that it could be created or 
destroyed by energy flow. We generalised the result to a Robertson-Walker universe 
with spatial curvature A: = + I and found that creation or destruction of the string was 
possible only when k = 0.1 but no nonstatic solution consistent with the boundary 
conditions exists when k = - \. This however, is true when the gauge field structure is 
separable in space and time coordinates. A more detailed account is given in Bull. 
.Astr. Soc. India. 21. 421 (1993). 

Key w ords: Gauge strings Universe. 

★ ★ ★ ★ ★ 

Some Exact Solutions in Bianchi Ill and String Cosmology 

Ramesh Tikekar Departmem of Mathematics. Surdar Patel University, Vullahh 
V'ldyanagar. 3H8 I2i). India. 

L. K. Patel Department of Mathemaiics, Gujarat Uni\ er.sity. Ahmedabad 380 00^. India. 

Assuming the expression 4 l/47r[ — H- 

= 1, upr/ = 0, for the energy momentum tensor of a cloud of siring dust, 
in presence of magnetic field some exact solutions of Einstein’s field equations 
snT]f^ in Bianchi III and Vl„ string cosmology have been obtained. 
The metrics along with the relevant features of the solutions are specified below: 

Bianchi III space time solutions 

The Bianchi III type solutions have the metric 

d.s^ = - A^{t)dx^ — fi^(r)exp( - 2ujx)d>^ - C^(r)dz". (1) 

Solution 1: With A = B = [xit - (K^/x)], C’ = 1, a:>a^ (1) describes a model 
beginning with a singularity at t — tf^AlK/oil which at r = fo T K/a[3(a - a^)/ 
(2 — represents a dust filled universe with a magnetic field. 

Solution 2: With /I = B ", C = fx 4 we get a model with a singularity at 

t=~{-p/ 2 )^^ undergoing expansion till r = 0, followed by a contraction till 
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Solution 3: The metric of this solution is ds^ — — A^[dx^ -h e J A^'dz^ 

where /I ^ -f ofi) -- /C^t^/2(/7 4 1)] and n = [3 4 (33)’^^]. It is a generalization of 
a Bianchi I model of string cosmology. 

Solution 4: With 4 ~ (at 4 ^^ C ~ A\ (1) describes a distribution of 

geometric strings on putting n — 0, a — I & 0. The model has an initial singularity 

at t -■ 0 and unchecked expansion’ For a =0 it reduces to Friedman dust model with 
zero curvature. 


Bianchi Vl„ space lime solutions 

The metric of Bianchi Vl^j type solutions have the form 

d.s^ = A^{t)(dr dx^)~ - C^(i)e ^^^dz\ (2) 

Solution 5; With A - = C ^ = 4oexp[2(m^ =■ const. (2) describes an 

expanding model without singularity. 

Solution 6 : With A = = (af)^, a = const., = /C^, (2) provides a model with a 

singularity at t ~ 0 complying with requirement p > 0 until \ =■ 3/K S/2, where p ■- 0. 

It is physically significant for weak magnetic fields. 

Solution 7; With 4^ = exp(m ^4 2uf), B = C ~ r, a = const.( > 0), (2) provides a 
singularity free model undergoing expansion. 

Solution 8 ; For A - cxp(a/), B = C - exp(wr), a — const. (2) leads to a singularity-free 
model with p > 0 , p^ > 0 for m<a and the equation of state p = (l 4 W)A^ with 
W ™ 4(in - a)/(2a - 3m), characterizing Takabayashi strings if 2a < 3m so that W > 0. 
If a -- m, p — A. 

★ ★ ★ ★ ★ 

A Rigorous Proof of the Inflationary Spectrum 


Jai-chan Hwang Korea Astronomy O^.wi’tirr^ry, Daejon. S. Korea. 
Keywords’. Early universe inflationary spectrum. 


We consider an early acceleration (inflation) phase supported by a minimally coupled 
scalar field. The equation of motion is 

= o (1) 

Concerning the scalar-type mode, without losing any generality, we can lake a uni- 
form-curvalu’-e gauge which leads to a metric 

d.s^ = ~ (1 4 2a)df^ — 2x,adfdx“ 4 n^(t)<5,pdx“d.x^. 


( 2 ) 
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hrom equation (1) and using the Einstein’s equation we can derive a closed lonn 
equation for the perturbed scalar field as; 


d(t)~\^3Hb4)A I 






3H 


H ‘' 4 , 


rSl/j ===: 0. 
tr 


13) 


There are two points we would like to make in this short summary I irsl, in the large 
scale equation (3) allows an integral form solution valid for general ! ’((/)) 


64)(\J) = 



r H- ~ 

r(x) + i)i\) 

dr 

«-'0- J 

_ ^ 


(4) 


Second, for a power-law (includes the exponential case) expansion stage supported by 
the background scalar field, there arises a curious cancellation which l educes equation 
(3) to the widely studied form: 

iS(^ -f 3H(50 ~ a - 0. (5) 


With these two steps, which are only available in this newly found uniform curvature 
gauge choice, wc can provide a rigorous analytic proof of the inflationary spectrum. In 
short, equation (5) makes the classical evolution part simple, whereas equation (3) 
allows us to caJculdte the generated quantum fluctuations completely taking the 
accompanying metric fluctuations into account. The derived spectrums for general 
vacuum states can be written, for the exponential and the poWer-law cases respective¬ 
ly, as; 




w 


H H. 

101 2n 


\c,{k)~c,{k)l 


ij _r('0 (k\ji\ V 

1017t-’'’ajr/| \ 2 ) 


W.ik)- c,{k)\. 


( 6 ) 


The notation, derivation and also implications of these results can be found in 
Hwang 1993. 
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The Lyman Alpha Absorbers - Probes of the High Redshift Universe 

Richard W. Hunstcad & David P. Mar School ol l^hysic:;. University of Sydney, 

N.^14^2006. Au,strulia 

MS-X Pcttini Royal Greenwich Observatory, Cambridge C OEZ, UK. 

Abstract. The Lyman a absorption lines in the spectra of high-redshift 
QSOs probe a pervasive but poorly understood component of the early 
universe. The discrete nature of the absorption lines impli es that the 
neutral hydrogen is concentrated into 'clouds’ which arc inimersed in 
a medium transparent to Lyman a. The issue of whether hr Lyman 
a forest clouds are distributed randomly in space or show evidence for 
clustering is of great relevance for studies of structure formation in the 
universe. We have found evidence of possible large-scale structure at z 2 
in the distribution of w eak Lyman a lines in the QSO Q1101 264 on scales 
n5h ' Mpc. The features seen in the two-point correlation function 
may indicate a characteristic clustering length, or may possibly result from 
non-uniform ionisation of the intergalactic medium. 

At the opposite end of the distribution of H I column densities are the 
dumped Lyman a systems. Measurements of the abundances of /inc and 
chromium in a recently completed survey of 17 damped Lyman ct systems 
spanning the range 1.78 3.03 show that at z rr. 2 (a) the typical 

metallicity [Zn/H] of the damped Lyman Df galaxies is approximately 1/10 
solar, (b) there is a large spread in metallicity at essentially the same epoch, 
and (c) the bulk of the Cr is depleted from the gas phase and incorporated 
into dust grains. The low metal abundances confirm earlier, less precise 
estimates and the wide dispersion suggests that the damped Lyman a tines 
may arise in sightlines through galaxies of widely differing masses and rates of 
evolution. The pre.sence of dust in the damped Lyman a absorption systems, 
even at these low metallicities, probably accounts for the low' incidence of 
Lyman a emission from the absorbers, and may also explain the failure of 
deep searches for primeval galaxies. 

Key words: Lyman alpha forest - QSUs cosmology. 


1. Introduction 

The radiation from distant objects such as QSOs has to negotiate many obstacles 
before reaching our ground-based or orbiting telescopes. These obstacles might 
consist of regions of neutral gas, ionised gas, dust, magnetic fields, gravitational fields 
and, of course, the terrestrial atmosphere and clouds. Passage of the radiation through 
such regions may affect its spatial, spectral and polarisation properties, and cause time 
variations in its intensity. In other words, each region intercepted by the radiation will 
leave a characteristic imprint on the recorded signal. If we are able to interpret these 
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clues correctly they can yield information about the physical and chemical environ¬ 
ments along a path stretching back as far as 90% of the age of the universe. As a result, 
the detailed study of high-z QSOs and galaxies is proving to be a uniquely powerful 
cosmological tool. 

Although our observations (in most cases) give us no direct clues to the morphology 
or lateral extent of the intervening obstacles, the evidence points increasingly towards 
them arising in galaxies which happen to fall on the line of sight. Moreover, the 
serendipitous nature of such alignments means that wc are probably sampling 
'normal’ examples of intervening galaxies, as distinct from the more pathological 
objects (QSOs and radio galaxies) we might be using as the background probes. If the 
sightlinc passes sufliciently close to a galactic nucleus, or the centre of a cluster of 
galaxies, we may observe multiple images or arc-like distortions as a result of 
gravitational Icnsing (Blandford & Narayan 1992) Likewise, if the sightlinc encounters 
a region of ordered magnetic fields we might expect to record excess h'araday rotation 
measure (Perry et al. 1993 and references therein) in the radio emission. For radio 
sources of sufficiently small angular size we might also observe intensity variations 
due to refractive scintillation as the wavefront passes through ionised regions of the 
local interstellar medium (Rickelt 1986). 

I'he most obvious indication of intervening material, however, and the best 
documented, is the plethora of discrete absorption lines seen in the spectra ol all 
high-z QSOs. l^hcsc absorption lines are presumed to originate in discrete 'clouds’ 
which are scattered along Ihe line of sight and embedded in a medium transparent in 
Lyman a. Observations at intermediate and high spectral resolution have identified 
three main classes of absorbers, characterised principally by their column densities of 
neutral hydrogen; (i) the damped Lyman x systems, with N(H 1) > 10^^’ cm (ii) the 
so-called 'metal-line' systems, with 10‘^< N(H 1)< 10^-^cm ^ and (lii) the Lyman 
X forest ‘clouds’ with N(H 1) 10' cm It is still not clear whether these three broad 

classes represent different sightlmes through basically similar objects, presumably 
galaxies, or whether they originate in fundamentally different systems. In either case. 
QSO absorption line spectroscopy remains a unique probe of gas phase abundances, 
dust and molecular fraction in these remote systems, and can give us estimates of 
other parameters such as temperature, star formation rate and transverse size of the 
absorbing regions. 

In this brief presentation we will concentrate on some recent results from high 
resolution spectroscopy of high-z QSOs, with specific emphasis on the Lyman a forest 
and damped I.yman x absorbers. 


2. The Lyman x forest 

The Lyman x clouds are by far the most numerous ‘objects’ at high redshifts accessible 
to detailed study with ground-based telescopes, allowing trends to be examined 
statistically. Their macroscopic properties have been defined by studies at intermediate 
resolution ( -- 1 A), showing that the stronger Lyman x absorbers those with rest- 
frame equivalent widths > 320 mA (a) arc distributed cosmologically, (b) evolve 
strongly in number density with redshift (dn/dz x(l 4 z)^ ^ 2.4; Murdoch et al. 

1986), and (c) show no convincing evidence for clustering on scales Ar > 300kms ', 
this being the smallest separation which can be sampled at intermediate resolution. 



The Lyman Alpha Absorbers 


105 


The lack of clustering is a characteristic feature distinguishing the Lyman clouds 
from the metal-rich absorption systems (see discussion in Bechlold & Schectman 
1989). Their apparently isotropic but random distribution in space has led to the 
interpretation of the Lyman a clouds as an intergalactic population nol associated 
with galaxies, at least at high redshifts. On the other hand, their mere ubiquity from 
r --0 out to the highest redshifts (z 5) probed to date makes it extremely unlikely 
that they are 'innocent bystanders’ during the epoch of galaxy humation, and this 
should be reflected at some level in iheir physical properties and spatial distribution. 
In support ol this view, there have been several recent reports claiming a non-random 
distribution of absorbers along the sightlincs to some QSOs (e.g. Dobr/ycki & 
Bechtold 1991 and references therein) as well as evidence for large-scale structure 
among the stronger Lyman ot lines (e g. Francis & Hewett 1993; Mo et ai 1992, and 
references therein). 

Our picture of the Lyman y clouds and their relationship to other objects is 
gradually improving as we obtain spectroscopic data of better quality and resolution, 
and extend the studies to lower redshift using data from HST. However, we still have 
only a very sketchy picture of the physical conditions within the Lyman y clouds and 
in the surrounding intergalactic medium. 

The highest spectral resolution currently applied to QSO absorption line research 
is ^ 7kms * FWHM, obtained with the I iniversity College I.ondon echclle spectro¬ 
graph on the 3.9 m Anglo-Aiistralian Telescope (Pettini et al. 1990). At this resolution 
the H I lines are all resolved, as arc most of the heavv-cicmcnl lines, and there is virtually 
no line blending, at least for r - 2 3. In the case of the bright r “ 2.14 QSO Q1101 264 
(Hunstcad, Pettini & Mar 1994, in preparation) this has brought to light some new 
and interesting results. With signal-to-noi.se ratios ranging from 20 at the longest 
wave-lengths to ~ 7 a( the l.)V limit, we can detect Lyman y lines as weak as 
IL', 6 20 mA at the 3n level: the S/N is substantial!) higher than that obtained for 
the same QSO by Carswell et al. (1991) with the same instrumental setup but shorter 
integration time. In the region cenered, 3389 3848 A (with small inter-order gaps), we 
identify 63 absorption lines as Lyman y after an exhaustive search lor metal-line 
systems. The two-point correlation function for this sample shows an excess of line 
splittings near Ai ^ 20(KK)kms corresponding to a comoving scale 115h * Mpe 
(Einslein-deSitter model, ^ l(X)h km s ’ Mpe *). 

At first sight it seems extraordinary that such a clustering signal has uot been seen 
before, since such large scales are adequately covered even by low-resolution spectra. 
However, most clustering analyses have been earned out on samples of Lyman y lines 
much stronger than those considered here (e.g. Sargent et al. 1980; Bi et ul. 1991), 
leading us to suspect that the features detected in the (wo-point correlation function 
may be due to the weaker lines in the Q 1101 264 sample. Indeed, when the sample is 
split at the median equivalent width, Hy 89 mA, we find that there is little or no 
evidence for clustering of the stronger lines, in accord with previous results. The 
structure in the two-point correlation function seems to arise solely from the weaker 
lines; this result is illustrated in Fig. 1. It is important to stress that no previous 
analysis of clustering in the Lyman y forest has reached such low equivalent widths. 

Assessment of the formal significance of the signal in Fig. 1 is no longer straight¬ 
forward when the line distribution is evidently non-random; standard Poissonian errors 
will tend to underestimate the true uncertainties. Less-biased error estimates have 
been investigated, for example the bootstrap resampling technique (Barrow et al. 
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Figure 1. Two-point correlation functions, shown as a function of conoving separation, 
for the two sub-samples of l.yinan a lines in Q 1101 264 obtained by dividing the full sample 
at the median equivalent width of 89 mA. t pp^r panel: Lines with IT(, > 89mA. Lower panel; 
Lines with >H9mA. Only the weak lines show signihcanl structure in the tw'o-poini 
Lorrclalion function. Two icr error estimates are shown on each plot; the upper, dotted line 
refers to the best csiiinale errors, given by a non-Poissoman ensemble forrriula for l < 1. 
and bootstrap resampling esiimales when ; 1 (see text); the lower, dot-dash line gives 

conventional F’oisson errors. 


19K4) and non-Poissonian formulae (Mo, Jing & Bdrncr 1992), and we have also carried 
out Monte Carlo simulations to test how likely it is that the observed two-point correla¬ 
tion results could have arisen by chance. The excess of points near 115 h ' Mpe and 
the run o\' negative points spanning 30 80h ' Mpe still appear significant with the 
revised estimates. Lor the lower panel m Fig. I the random trials gave *1 chance 
probability of < 0..^/,, lor line configurations having ^(r, Ai) results with 

A further test was to devise a simple 1-dimensional clustering model which mimicked 
the observed structure, and to investigate its robustness. The outcome was a 3-paramelcr 
model with gaussian line clumps superimposed on a uniform background. The best- 
fitting values (defined to -- 20%) were a clump separation of 115 h ^ Mpe, clump rr of 
10 h ‘ Mpe and a peak overdensily of five times the background. It is interesting to 
note that the clump size and separation from this simple model correspond well with 
the typical correlation scales for rich dusters and superclusters, respectively (Bahcall 
1988), while the overdensity is directly comparable with that of present-day galaxies in 
superclusters. 

How'ever, it is not dear whether the non-uniform redshift distribution of the 
weak Lyman a lines in Q 1101 264 represents a characteristic clustering length or 
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simply reflects non-uniformities in the metagalaclic ionising flux on large scales. Since 
these low-N Lyman ot clouds are expected to be easily destroyed, it is m(^st likely 
that they trace the deepest voids in the galaxy distribution Vvhere the ionising flux is 
lowest. 

Despite the low chance probability noted above, these results must still be 
considered tentative (a) because of the small sample of lines, and (b) because the 
large scale structure implied by Fig. 1 spans more than half the wavelength range 
covered in the A AT spectrum. On the other hand there is mounting evidence that 
weak Lyman a lines evolve more slowly than the strong lines considered in earlier 
studies, creating a consistent (but not necessarily correct) picture in which weak 
Lyman a lines are the unexpected tracers of large-scale structure at early epochs. 
Confirmation of this picture requires the detection of similar clustering in other QSO 
sightlines. 


3. Heavy element abundances in the damped Lyman (x systems 

While direct searches for high-redshift galaxies have been singularly unproductive, wc 
routinely delect 'galaxies’ (or al least gas which we suspect to reside in galaxies) out to 
z > 4 via the metal absorption lines they produce in the spectra of background QSOs 
A subset of the metal systems, the damped Lyman a systems (Wolfe 1990), are 
receiving increasing attention because, although rare, they account for most of the 
neutral hydrogen seen at high redshifts, a total mass density comparable with stars in 
present day galaxies. This similarity has led to the suggestion that the damped Lyman 
Q( systems may be the high-r counterparts of present da> galaxies like our own, 
observed prior to the bulk of star formation, at a time when the gas fraction was high 
and gravitational contraction was still underway. 

Since 19S7 we have been conducting a survey aimed at measuring the metallicities. 
dust content and star-formation rates in the galaxies responsible for the damped 
Lyman a systems (Pettini el al. 1994). The strategy we have adopted for measuring 
the degree of metal enrichment is to target the resonance lines of the singly-ionised 
trace elements Zn and Cr. In Cialactic and Magellanic Cloud stars both Zn and Cr 
track Fe over a wide range of metallicities. However, in the local interstellar medium 
Zn, unlike other iron-peak elements, is not readily incorporated into dust grains 
and remains in the gas phase at close to solar abundance (within a factor 2 3) 
even m the densest clouds. On the other hand, C'r is amongst the most heavily 
depleted elements, with typically only ~1% remaining in the gas phase. Both 
elements are predominantly singly-ionised in H 1 regions and the total column 
density of neutral hydrogen can be determined accurately by profile fitting to the 
damping wings of Lyman a. The column density ratio N(Zn ' ) N(H I) then measures 
directly the overall level of metal enrichment of the damped Lyman a galaxies, 
while N(CrM/N(Zn‘) gives a measure of the depletion of refractory elements 
onto dust. Finally, in the black cores of the damped Lyman a lines the light from the 
QSO is completely extinguished, allowing the possibility of detecting Lyman 
oL emission from H 11 regions m the intervening galaxy and thereby inferring a star- 
formation rate. 

At the redshifts of most known damped systems u - 1.7 3.5), Zn II /J. 2025, 2062 
and Cr 11 //2055, 2061, 2065 are shifted into a convenient spectral region where 
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delector sensitivity is high. Moreover, the absorption lines are expected to be weak, 
even at large N(H 1), so line saturation is unlikely to be a problem, as it is for the 
resonance lines of the more abundant elements. I or this reason reliable column 
densities can be derived directly from measured equivalent widths. 

In our survey of 15 damped Lyman a systems, we have used the 3.9 m Anglo- 
Australian leiescope, the 4.2 rn William Herschel Telescope and the 5 m Hale tele¬ 
scope at resolutions of 0.8 1.4 A FWHM and exposure times ranging from 16000 
40000 s. Details of the observations and data reduction are given by Pettini et al. 
(1994). Fig. 2 presents a montage of the damped Lyman a line and Zn II and Cr II lines 
in the 1.7764 system towards the QSO 1331 f 170. This illustrates the quality of 
the spectroscopic data and, in particular, the high signal-lo-noisc ratio needed to 
detect the Zn and Cr lines. 



5650 5700 5750 


Wavelength (A) 

Figure 2. Spectra ol the I ynian ot and Zn/Cr region.s in the 1.7764 damped Lyman 

a system in 1331 i 170. tipper panel: Damped Lyman a line showing the adopted profile fit 
(dashed line) and the many narrow absorption lines, mostly due to the I.yman cx forest. The 
ordinate scale is in photon counts. Lower panel: Region encompassing the Zn IT and Cr II 
absorption lines at the redshift of the damped Lyman a system. Vertical licks mark the expected 
positions of the lines. Line 1: Zn II 22025.484; line 2; Cr II 22055.596; line 3: Cr II 
22061.575 f Zn II 22062.003 (blended) and line 4: Cr II 22065.501. The QSO spectrum has been 
normalised to the underlying continuum; note the expanded vertical scale. The derived 
abundance of zinc in the 1.7764 system is 24 limes below solar; chromium is 170 times 

below solar. 
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The principal findings of this survey are as follows; 

(1) At z ~ 2 3, damped Lyman a galaxies arc generally metal-poor, with a medium 
mctallicity ol 1/10 solar, implying that the process of metal enrichment through stellar 
nucleosynthesis had not proceeded far in most galaxies by c > 2. 

(2) At a given rcdshifl, there is a considerable spread in the degree of metal enrichment 
amongst the dilTcrcnt damped Lyman y galaxies: the range may exlcnd over at least 
two orders ol magnitude, suggesting that the damped Lyman y absorption systems 
may arise in sightlines through galaxies of widely difl'cring masses and evolution rates. 

(3) Cr is consistently less abundant than Zn by factors ranging from 3.5 to > 1 L this 
is unlikely to be a departure from solar relative abundances, and is taken as evidence 
for dust in the damped Lyman y systems. However, there is substantially less dust in 
these distant galaxies at c 2 than found in the Galactic interstellar medium today. 

(4) The majority of damped Lyman y absorbers shows no spectroscopic evidence for 
Lyman y. emission in the black core of the damped line; the interpretation of this result 
has been cither in terms of dust extinction of Lyman y (Gliarlot ^ hall 19^)3) or a low 
duty cycle for massive star formation (V^alls-Gabaud 1993). 


4. h iiture work 

The new' results presemed here are the ouicome of substantial allocalions of observ¬ 
ing time on 4-m class telescopes. T hey were dilficull ob.servalions, si retching the 
instrurneniation to the limit and requiring the support of time assignment committees 
over several observing seasons. With the forthcoming generations of K 10 m tele¬ 
scopes, it will be possible to obtain data ol similar quality in shorter tune allocations. 
However, observers arc urged to use the much greater light-gathering power to 
improve S/N ratios as well as extending such studies to more ditlicult regions of 
observational parameter space, such as higher redshift and higher spectral resolution. 

One aspect of QSO absorption line studies which will benefit from increased 
collecting area will be the determination of the lateral si/es of absorbing regions 
using the multiple images from gravitationally lensed QSOs. At present the lainter 
iensed images cannot be observed at the high spectral resolution necessary to over¬ 
come line blending and extend the investigation to weaker lines An alternative 
approach which holds promise is to use the extended Lyman y emission h orn high-z 
radio galaxies as a background probe for investigating the transverse si/es of Lyman 
absorbers. In this case, the weakness of the continuum emission means that the 
inverse (or proximity) effect can be safely ignored (Murdoch I't al. 1986; Bajllik cr aJ. 
19KK) and absorption can be probed over the entire Lyman y emission profile. 
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Radio Observations of the Anisotropy in the Cosmic Microwave 
Background 

RsVl Subrahmanydn NC RA, Tata institute oj l umlamenlal Research, P(>()na Vniversi! \ 
Campus. Post Bag 3, Ganeshkhind. Pune 411 007, India. 

Abstract. Angular anisotropy in the sky temperature of the relict cosmic 
microwave background (CMB) is commonly believed to originate in the 
coupling of density perturbations and inhomogeneilies in matter to the 
radiation. Observations of the spectrum of Lcmperaturc anisotropy consti¬ 
tutes a probe of structure formation in the universe and of astrophysical 
processes in galaxy formation. I'he experimental techniques commonly 
used to measure the CMB anisotropy, their relationship to the sky fluctu¬ 
ation spectrum and the current slatus of the measurements arc reviewed. 

Key words: Methods: observational galaxies: formation cosmic micro- 
wave background cosmology: observations. 


1. Introduction 

The standard hot big bang cosmology is generally accepted as the best model we have 
today for the thermal history of the universe. Within this framework, the radiation is 
expected to be in thermodynamic equilibrium with the baryonic matter in the early 
universe. As the thermodynamic temperature of the expanding universe dropped past 
a value of about 3000 K, recombination of the primeval baryonic plasma would result 
in a decoupling of the radiation from the predominantly neutral baryonic matter. 
Subsequently, the relict photons would frec-stream essentially unscattcred by the 
residual electrons. In this model, the recombination epoch represents the last scatter¬ 
ing surface for the relict photons: the quasi-static ioni/ation equilibrium during the 
universal expansion results in this surface located at about z 10' having a width of 
Az = lO'^ in redshift space. When we observe the cosmic microwave background, we 
see the universe at the recombination epoch. 

Structure formation in the universe is generally believed to be the gravitational 
growth of primordial density perturbations. The coupling of these perturbations to 
the radiation field due to fluctuations in the gravitational potential (Sachs-Wolfe 
effect), due to the adiabatic nature of the fluctuations and due to Doppler velocities in 
the scattering particles cause primary anisotropies in the CMB. These primary 
anisotropies are imprinted at the recombination epoch. 

Standard recombination theory predicts the last scattering surface to be located at 
redshift ^ 1 l(X). The horizon scale at subtends an angle of about 1 on the sky. 
Models for structure formation that adopt the initial density fluctuation spectrum to 
have a power-law form F(k} k", with n ~ 1, predict an angular anisotropy in the CMB 
AT/T that peaks at about 1 . Observations of AT/T anisotropy on angular scales 
> 1 will probe the primordial density perturbation spectrum on scales > 100 Mpe 
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and primarily through the Sachs-Wolfe effect. Observations on angular scales < 1 
aremin will probe A/)on scales < 1 Mpc. I'he finite depth of the last scattering 
surface essentially erases primary CMB anisotropies on angular scales < 8 aremin. 

Dissipative collapse during galaxy formation is expected to release energy that most 
likely reionized the intergalactic baryons and renewed the coupling between the baryonic 
matter and relict radiation, At ihe epoch of galaxy rormation, processes like the inverse- 
Compton scattering off hot gas in gravitational potential wells and the Doppler 
scattering off bulk flows due to these potentials result in secondary anisotropies in the 
CMB H owever, reionization at redshifts r > 10 can shift the last scattering surface to 
more recent epochs and consequently primary anisotropies upto the horizon scale at 
the new last scattering surface may be erased upto angular scales of 5 . 

CMB anisotropies are inevitable in a causal universe where structure forms by the 
growth of seed fluctuations. Observations of CMB anisotropy, therefore, arc a probe 
of (a) the initial density perturbation spectrum A/^/p at the recombination epoch 
and (b) the subsequent dynamical and astrophysical evolution of the universe. 


2. Characterization of anisotropy 


^Fhe distribution of the CMB temperature fluctuations over the celestial sphere, 
AT(p) - T(p} ( Tip)}, can be decomposed in a spherical harmonic expansion: 


^Tjp) 

<T} 


Ya,. 




( 1 ) 


p denotes a unit vector to the celestial sphere, are the spherical harmonic functions 
and a^^ are the coefficients. The basis functions for this decomposition consist of the 
dipole (/ - 1), quadrupole (/ = 2) and higher order multipoles; / denotes the multipole 
order. The coefficients are a measure of the power in the different harmonics and 
constitute a discrete power spectrum of the sky distribution. 

The angular autcKorrclation function (ACF ) of the CMB sky temperature fluctuations 
may be computed; 


C(0)-- 


<A7‘’(p) X AT(p -f- r)> 


(Tip)}^ 


( 2 ) 


where r is a vector on the celestial sphere and |r| = 0. The ACF is defined over a finite 
range 0 to n radians. Fquivalently, the sky fluctuations may be described by a power 
spectrum P{Q) which is the radial Fourier transform of the ACF C((f)): 

P(6) = 2n| (.3) 

where cd - 2sin(0/2). When characterizing the anisotropy on small angular scales on 
small sky patches, where the ACF C(0) may be assumed to rapidly approach zero for 
large angles, the transform may be written as an infinite integral: 

P(q) = 271 J 4>C{4>)J(,{2Ti(t>a.q)d<p. 


(4) 
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Here q represents the wavenumber (in Mpc ‘) and a = 2c/{Q^,H,,). The spectrum P(q) 
decomposes the power over wavenumbers q which is related to the multipole order by 
/ - InoLq for large orders. 


3. Characterization of the observing technique 

The CMB sky fluctuations are generally presumed to have a Gaussian distribution m 
temperature and characterizable by a power spectrum. All the radio observations 
together aim to measure the power spectrum. 

An observation consists of an experiment done with a particular telescope con* 
figuration and involves a specific observing and data reduction procedure. This 
complete observation may be characterized by an efl'cetive telescope filter function 
(TFF). The observation views the (’MB sky through this filter several times and 
obtains a number of estimates lor the C’MB temperature All these values together 
lead to an estimate for the CMB variance, as viewed through the Tbd specific to the 
observation. 

Different observational configurations arc characleri/ablc by diflereni TTT\s and 
these selectively detect CMB power P{Q) in dilTerenl regimes of C-space Collectively, 
the CMB power spectrum is measured by a bank of filters whose characteristics (band 
shapes) are dissimilar. Any specific model for the CMB spectrum may be tested by 
computing the expected response for each experimental FFF and comparing with the 
measurements of sky variances. However, independent of models h)! P(Q). the obser¬ 
vations may all be combined to place linnls on the cc'eflicients of the spherical 
harmonics or any alternate decomposition. FITectively, this would be making the 
filterbank uniform in characteristics. 


3.1 Sinqlc-dish radio ohsenvitions 

When the sky is viewed with a telescope beam, the sky fluctuations arc effectively 
smoothed by the beam profile. Assuming the beam to have a Gaussian form and with 
dispersion 0^,, fluctuations with small angular scales with multipole <»rdcr / >(l/0o) 
are erased and the TFh has the form 


T(/) -exp( - /^/)f,). 




The TFF is a low-pass filler in /-space. 

To avoid errors due to instrumental gain instabilities, the telescope beams are 
normally position-switched rapidly on the sky and difl'crencc measurements are made. 
Single beam-switching between two positions separated by an angle 0^ will be 
insensitive to sky fluctuations on angular scales well-exceeding 0^ and consequently such 
an observing strategy would effectively have no response to multipolcs on small orders 
/ < (1/0,). The TFF for the single beam-switching difference measurements will be 

F(/) ~ exp( - /-0^) X [1 - To(/0J]. (b) 

The TFF is a band-pass filter in /-space. The upper cutoff is determined by the beam 
dispersion 0^, and the lower cutofl'is determined by the switching angle 0,. 
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Double bcam-switching is sometimes adopted to cancel gradients in atmospheric 
emission. This is a combination of two single-switched difference measurements. The 
beam switching in the two single-switched cases arc done between a common field 
(ON) and reference fields located on opposite sides (OFFI and OFF2}. The single 
differences (ON OFF\) and (ON - OFF2) are averaged to obtain (ON OFF\/2 
OFF2/2). The double switching measurement has additional sensitivity on angular 
scales corresponding to twice the switching angle: 20^. The TFK is proportional to 

• - + (7) 

Several beam-switching experiments adopt the basic single beam-swntchmg tech¬ 
nique between held-pairs with fixed separation, but select the sky fields so that the 
difference betw'cen any arbitrary pair can be computed as a linear combination of the 
single beam-switched measurements. The measurements can then be analysed to 
obtain estimates of CMB fluctuations on scales up to the maximum field separation 
Difl'ercnt linear combinations will give estimates of CMB variance as viewed 
through different Tf Ks, and the TFKs can have peak sensitivities in the /-space range 
from (l/0„,) to (l/0n) ^he experiment, as a whole, will be a simultaneous measure¬ 
ment of CMB power over this broad range. 


F{l) -^ expl- ({>(,) X 


3.2 Fourier synthesis techniejues 

Interferometric radio observing techniques have also been adopted in attempts to 
imaf^e CMB anisotropy. As compared to observations with single-dish techniques, 
interferometers are insensitive to uniform atmospheric and other sky background 
emissions. The interferometric fringes provide rejection to spurious signals like 
groimdspillover and man-made radio interference. Sky fluctuations due to discrete 
radio sources can also be subtracted in the imaging observations. Multiple inter¬ 
ferometer baselines simultaneously provide measurements of CMB fluctuations 
on a range of angular scales. F ourier synthesis observations are characterized 
by a primary beam (the antenna pattern of a single interferometer element) and 
a synthetic beam (which determines the resolution of the synthesized image). The 
synthesized image may be thought of as obtained by firstly multiplying the true sky by 
the primary beam, then convolving this product by the synthetic beam. 

The TFF corresponding to any image produced by Fourier synthesis is then 
dependent on position in the image. At any position, the TFF is the radial transform 
of the product beam at that position the product beam at a position is the 
product of the synthetic beam centred at that position with the primary beam centered 
on the held centre. Since the beams (especially the synthetic beam) generally do not 
have circular symmetry, one takes a circumferential average of the 2-D Fourier 
transform: 



where r -- y' 0‘ -f- (F. 




( 8 ) 
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Observations may be classified on the basis of the angular scale al which they attempt 
to delect CMB anisotropy. On large angular scales exceeding several degrees, the 
observations probe /< 10. Both the MIT and COBl- expcnmenls have detected 
anisotropy on these scales. The ITNhRIFF experiment probes ! .5 < ^ < 30. On 
intermediate angular scales of order 1 degree, corresponding to I 10^ there is 
pt)ssible detection of C MB fluctuations by the CCSB group at the south pole. On 
small angular scales < 1 aremin, experiments probe /> 10\ On these scales there arc 
no detections to date, with lower limits to fluctULitions being set by the OVRO, .ATC A 
and VLA observations. 


4.1 Large m ale anisotropy 

The Mil group (Meyer e( aL 1991) made an image of one-third i>! the sky with a 
resolution ol 3.8 FWHM at a frequency of IbS GHz. The observations were made during 
a 10 hr balloon flight using a bolornetei scanning the sky by poinling at a zenith angle 
of 44 and rotating at 1 5 rpm. ITc map was initially calibrated using an internal 
temperature reference, however, accurate calibration of the fluctuations was possible 
post-imaging by assuming the detected C'MB dipole amplitude to be 3.3 mK The 
observations detected signiheant fluctuations above the instrument noise on coherence 
scales 3 22 degrees with the excess GMB-sky rms estimated to be 30 80^K. 

The COBF-DMR experiment (Smoot et ai. 1992) produced all-sky maps at 31.5, 53 
and 90(jHz with beams of 7 I WHM. The satellitc-b* .nc difl'erential radiometers 
actually dilTcrenced sky regions 60 apart. However, over a 6 month jKinod, the difference 
measurements enabled any arbitrary sky direction to be related to any other region 
and these were collectively analysed to produce all-sky maps. The dipole amplitude 
w^as determined to be 3.36 ± 0.1 rnK and the quadrupole term was estimated to 
be 13 :t 4 pK. Subtracting the dipole and smoothing the images to a resolution of 10 , 
the residual CMB fluctuations were estimated to have an rms of 30 i 5 /iK. 

The MIT 168 GHz and COBF-DMR images have been shown to be strongly 
correlated (Ganga ef ai 1993) suggesting that the two independent experiments have 
delected the same sky structures. More importantly, the correlation between the 
images at the widely separated frequencies confirms the thermal nature of the sky 
fluctuations. 

The TENFRIFT observations (Wat.son et ai 1993) scanned a sky strip at 14.9 GHz 
with a double switched beam. The beam had a 5 .6 FWHM and the throw angle was 
8 .1. No CMB fluctuations are reported delected, with the rms CMB fluctuations on 
a coherence scale of 4 determined to be less than 49/iK with 95 per cent confidence. 


4.2 Intermediate scale CMB anisotropy 

The best results to date on degree scale CMB fluctuations have come from the UCSB 
group observing from the south pole. The observations generally cover a linear 
sequence of IV equi-spaced fields on the sky and (N - 1) difference measurements are 
made between all pairs of adjacent fields by sinusoidal single beam switching. 
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The experiment ai about 30 GHz (Schuster et ai 1993) made 13 difference measure¬ 
ments in each of four frequency bands over the range 25 to 35 GHz. The beam had 
a I .5 HPBW and throw 3 . The difference measurements wx'rc made with an instru¬ 
ment rrns noise as low as 13.5/^K and detected an excess rms of 24/(K at a coherence 
scale of 1 .5. 

At the higher frequency of 91 GHz (Meinhold & Lubin 1991), 9 difference measure¬ 
ments were obtained on a sequence of adjacent fields with a beam of 30 aremin HPBW 
and r .4 throw. No significant excess variance was detected above the instrument rms 
noise of 60/iK and a 95 per cent confidence upper limit of 96/^rK was placed on the 
rms of CMB fluctuations with 20 30aremin coherence scales. 


4.3 Small scale anisotropy 

No ('MB anisotropy has been delected to date on these scales. The OVRO double beam 
switching observations of fields close to the north celestial pole (Readhead ct ai 1990) 
were made at a frequency of 20 GHz and with a beam l .K aremin HPBW and throw 
7.15 aremin. The dirt'ereno! measurements had an instrument rms noise of 3i)pK and 
placed an upper limit of 58 on C'MB fluctuations with 2.6arcr7im coherence scale. 

Fourier synthesis ob.servations with the VTA (Formalonl ct ai 1992) of a held at 
8.44 GHz produced a 7 aremin size image of a sky patch with a resolution of SO arcsec. 
Discrete sources were detected by making a high resolution (lOarcsec) image of the held 
and subtracted. The low-resolution image shows excess (above that expected from 
instrument noise) variance that falls offaw'ay from the primary-beam pointing centre 
as would be expected if the variance originates in the sky. An extrapolation of the 
logN logS source counts to levels below the flux limit to which discrete sources were 
detected and subtracted suggested that the excess variance is due to fainter sources 
that have not been subtracted. Therefore, the observations were used to place an upper 
limit of 50 /iK. on the rms of CMB fluctuations in imaging with 80 arcsec resolution. 

1'hc most sensitive observations of aremin scale CMB structure have been made by 
the Australia Telescope (ATCA; Subrahmanyan ct al. 1993). The five 22-m diameter 
antennas were conligured in an ultra compact 122-in array to maximize the brightness 
sensitivity. The antennas were placed in an equi-spaced linear configuration and only 
baselines between adjacent antennas were used to make the high brightness sensitive 
image of the held. An image of an 8 aremin held with 2arcmm resolution at 8.7 GHz 
was made with a brightness sensitivity of 36/iK. Ihe image was expected to be 
confusion limited (due to discrete radio sources in the sky) with the confusion rms 
noise estimated to be 70 160/iK. Data obtained on longer baselines between the 
antennas in the array were used to derive a model for the confusion and this was 
subtracted. The resulting image is shown in Fig. 1 and places an upper limit of 25/7K 
on CMB fluctuations in sky patches imaged with 2aremin resolution. 


5. Implications 


The COBF detection of CMB fluctuations may be used to normalize the amplitude of 
density fluctuations at the recombination epoch. With this normalization, the standard 
CDM model requires a biasing factor 6^0.9 to match the observed present-day 
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Levs s 3.3000E<05 ^ ( 3.00, 2.00, -1.00, 

-0.500, 0.500, 1.000, 2.d00, 3.000) 

Figure 1. Image of a sky patch made with the Australia leleseopc Discrete source confusion 
has been modelled and subtracted before synthcsi/ing the image. (’ontours are in units of /Jy 
beam 1-rr rms noise of.V^ /i.ly beam ‘ corresponds approximately (o 36/iK m sky brightness 
temperature. 


galaxy distribution. The (T)BF detection also constrains the index of a power-law 
form initial density perturbation spectrum Pik) ^ 1C to be n - 1 t b.b. 

Fxlrapolation of the n ^ 1 spectrum with COBH normalization to smaller scales leads 
to an expectation for the ("MB fluctuation on 1 scale that appears to lx* in conflict with 
the UCSB south pole results (Gorski et al. 1993), 1 his may be interpreted as implying a 
n < 1 density perturbation spectrum. Alternately, CMB anisotropy on small scales up to 
degree scales might be attenuated as a result of early reioni/ation post recombination. 
However, this would be expected to result in enhanced C3MB fluctuations on aremin 
scales as a result of the generation of secondary anisotropies. The isocurvalurc/baryon 
dark matter (BDM) models for galaxy formation predict enhanced fluctuations on arcmin 
scales and the ATCA results appear to rule out the standard BDM (Hu ef al. 1993). 

With the large angular scale anisotropy level presumably measured by GOBI', and 
with measurements on degree scales possibly close to becoming confirmed detections, 
improved effort towards detecting arcmin-scale anisotropy is needed to give the 
complete spectrum of CMB anisotropy. The Australia Telescope Compact Array, 
with the new upgrade to its receivers, seems best suited to achieve this end. 


References 

Formalont, E. B., Partridge, R. B., Lowenthal, J. D., Windhorst, R. A. 1992, Astrophys. J., 404, S 
Ganga, K., Cheng, E., Meyer, S., Page, L. 1993, A.sfrophys. J., 410, L57. 

Gorski, K. M., Stompor, R., Juszkicwicz, R. 1993, Astrophys. J., 410, LJ. 



118 


Ravi Subrahmanyan 


Hu, W., Scott, D., Silk, J. 1993, Fhvs. Rev. D, submitted. 

Meinhold, P., Lubin, P. 1991, Astrophys. 370, LI 1. 

Meyer, S. S., Cheng, L, S., Page, L. A. 1991, Astrophys. J., 371, 17 
Readhead, A. C. S. ct al. 19H9, A.slrophys. J., 346, 566. 

Schuster, J. ef al. 1993, Astrophys. J., 412, L47. 

Smoot, G. F. et al. 1992, Astrophys. 7., 396, LI. 

Subrahmanyan. R., Ekers, R D., Sintlair, M., Silk, J. 1993, M(m. Noi. R. asir. Soc., 263, 416. 
Watson, R. A. et al. 1993, Nature, 357, 660. 



Supplt'mcnt to Asirophys. Astr. (1995) 16, 119 123 


Faint Blue Galaxies and Gravitational Lensing by ( lusters of 
Galaxies 

Puragra Ouhtithtikurttl * Priiu eutn Uniicrsny Ohscn ulorw Fcyion Hall, Prifu t’lon, 
NJ 0S544-I00LVSA. 

Abstract. This talk is divided into two parts: the first part discusses 
the nature of faint blue held galaxies, while the second describes an 
ongoing project to study the effects of gravitational lens distortion 
ol the faint blue galaxies by rich galaxy clusters in the foreground, and 
thereby investigate the distribution of (mostly dark) matter m these 
clusters. 

Faint held galaxy counts and their redshift distribution suggest 
a specific form for the evolution of the overall galaxy luminosity function, 
one where the faint end was steeper in the past than it is today. Recent 
studies have shown these faint galaxies to be weakly clustered. A few 
different scenarios for galaxy evolution are examined in the light of these 
observational facts. Extensive merging at moderate redshifts (less than 
unity) appears to be disfavored. The counts may be dominated by a new 
poyiulation of blue galaxies that arc mostly invisible at the present epoch. 

Clusters of galaxies arc a class of massive objects a substantial number 
of which have been identified at r< 1. Studying the most massive and 
compact of these objects, especially those at moderate to high redshifts, 
can provide important constraints on theories for the formation of large 
scale structure. Gravitational Icnsing by rich clusters can be useful 
probes of the amount of matter they contain. Light rays passing near the 
dense cluster core arc deflected resulting in distorted images of back¬ 
ground galaxies, the most extreme examples of these being giant luminous 
arcs. In this paper, 1 describe an ongoing project to measure (in a statistical 
sense) the distortion caused by Icnsing and thereby determine cluster 
masses. 

Key words: Gravitational lensing clusters of galaxies cosmology. 


1. Faint blue galaxies 

Deep photographs, and more recently CCD images, of the sky have shown that there 
is a high surface density of faint blue galaxies (FBGs) all over the sky (Kron 1980; 
Tyson 1988). The properties of FBGs may provide useful insight into the evolutionary 
history of galaxies like our own. Over the last five years, much observational data 
have been gathered but the intrinsic nature of these galaxies remains something of an 
enigma. These new data include: 

^ Hubble Fellow. 
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m Ultra-deep counts in the optical BVRl bands to B > 26 (Tyson 1088; Guhathakiirta 
et al. 1900: Tilly cl al. 1991) and in the near-ultraviolet (Guhathakurta 1991). 

■ An extension of the count data into the 2.2;/tn K-band (Lilly ct al. 1991). 

■ Speetroscopic redshift surveys that probe the bright end of the TBG distribution 
(with limiting magnitudes in the range B -^ 22 24) (Broadhurst cl al. 1988; Colless 
ct al. 1990; Lilly ct al 1991). ' 

■ Studies ('if the galaxy-galaxy angular correlation function \\'((}) on aremmute scales 
(Lfstathiou cl al. 1991). 

I'hc observed galaxy surface density, particularly that at shorter wavelengths {VB\ ) 
appears to be significantly in excess of the no-evolution prediction. T he B counts show 
an excess of abtiul a factor of five, although the exact amount depends on how the 
model prediction is normalized (and on the cosmological model, of course). This is 
generally thought to be a sign of evolution, in the sense that galaxies w^re brighter in 
the past (cf. Koo 1986). The recent redshift surveys, however, show the LBCjs to be at 
quite modest ledshifts. with N{r) peaking al r =0.3 even for limiting magnitudes as 
faint as B - 23 24. 'This led Broadhurst ct al. (1988) to conclude that the .shape of the 
galaxy luminosity function (LI ) at high r is different from that at r ~ 0, with the faint 
end being more prominent in the past. While it has been argued that the increased 
prominence of intrinsically faint galaxies may be purely due to then being bluer and 
consequently having smaller K-corrections than the bright early-type galaxies (all 
within the context of the standard evolutionary scenario) (Koo ^ Kron 1992), it is 
nuirc likely that N(ni) and N{z) can only be explained simultaneously if there is a real 
change in the shape of the Lh. Colless (private communication) has stressed that the 
standard model predicts z > 1 for the bluest galaxies with B -- 23 but even these arc 
observed to be at much lower redshifts. 

1 urthcr. in order to push the predicted N{z) towards lower z, the standard model 
requires a low density universe (12^0.2). This is in apparent contradiction with the 
low' density of galaxies on K -band images, the latter being consistent with an Linstein- 
deSitter cosmology (Lilly ct al. 1991). The interpretation of the K counts, however, is 
mq easy. The redshifts probed by the K data are not very high (similar to the B dat;i) 
so that the 2.2 pm K band in effect samples the near-lR portion of the FBG spectra in 
their rest frame. Unfortunately, very little is known about the local galaxy l.L at these 
wavelengths so that even a no-evolution model is difficult to construct. 

Several authors have considered alternatives to the standard evolutiimary model, 
in one of these scenarios, present-day bright galaxies arc formed by the merging of 
several smaller objects in the past, so that LL is heavily weighted towards the faint end 
at earlier epochs (Broadhurst ct al. 1992). It should be noted that even in this scenario 
it is necessary for the .specific luminosity of galaxies to have been higher in the 
past mergers with conserved luminosity would lead to a galaxy count slope of 0.4 
and this is shallower than that observed in (he B band (0.45). However, galaxies that 
are about (o merge are expected to be strongly clustered. T his is exactly the opposite 
of w hat is observed for F'BLis in the range B - 24 26 (ETslathiou ct ai 1991). 

In fact, the observed amplitude of u’((h is significantly lower than that expected for L* 
galaxies in an Linstein-dcSittcr universe. Could this imply that wc live in a low' density 
(or cosiriiviogical constant-dominated) universe or that the intrinsic clustering of galaxies 
evolves more rapidly than the stable clustering case (Melott 1992)7 As mentioned earlier, 
the low density cosmological model appears to be in conlliet with the K-band counts. 
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Further, in either case, the H’((h amplitude would be suppressed achromatically i.c. 
for galaxies selected in any bandpass. This is not observed to be the case. The amplitude of 
the angular correlation function decreases towards shorter wavelengths in going from 
the /- to the L-band. This is unlikely to be due to ditlercnces in the amount of 
projection in the V-, B-^ and /-selected samples since all ol these appeal to lie in 
approximately the same redshift range (r 0.5 I). 

Thus, one is led towards the conclusion that the steepening of the faint end of Ihc 
LF at high z (implied by the B counts and the redshift distribution) is caused by a new 
population of galaxies i.e. by number evolution. In this picture, the FBGs are 
present in abundance at z- 1, but would have had to have faded or otherwise 
destroyed themselves (e.g. Babul & Rees 1992) by the present epoch in order to escape 
detection. This population must clearly be quite blue (close to flat spectrum) since 
their dominance of the galaxy counts seems to increase towards slnutcr wavelengths. 
They would also have to be weakly clustered (correlation length r,, <^Sh * Mpe) 
relative to bright galaxies. The F BGs arc not extreme dwarfs; their lu ninosity is about 
0.1 L* (for those with measured redshifts) and recent high-resolution imaging (Colless, 
private communication) shows late-type morphology. 


2. Gravitational tensing by galaxy clusters 

2.1 Sources and lenses 

Our study is somewhat unusual compared to other lensing studies, most of w^hich 
start with image plane morphology (e.g. double quasai,', and radio Einstein rings) 
resulting in unknown lens selection functions. We use faint blue galaxies {Bj ^ 24 27) 
as the sources behind the lens. These objects, with their high surface density and 
isotropic properties (Tyson 1988; Lilly et al. 1991), serve as the perfect 'cosmic 
wallpaper. Of the brighter examples of these galaxies (//^ < 2'!), about half lie in 
the redshift range 0.3 0.9 (Colless et al. 1990). The median redshift for our fainter 
source plane’ galaxies is expected to be higher (z >0.5). We then pick a candidate 
lens, a foreground (z ™ 0.2 0.5) rich galaxy cluster, known a priori to be a massive 
object. We usually select X-ray bright clusters > 10'^'^ erg s ’), since /.y is a good 
indicator of the depth of the cluster potential well, and those having a concentration 
of optically bright galaxies within the central - lOOkpe. Deep multiband VCD 
imaging of the cluster (down to a threshold of 29 B, mag arcsec ^) is used to study 
the distortion in the shapes of the background galaxies caused by gravitational 
lensing. 

The discovery of giant luminous arcs in clusters (Soucail et al. 1988; Lynds & 
Petrosian 1989) led to the suggestion that these are amplified images of background 
faint galaxies that happen to lie on a caustic associated with the lensing cluster. I'his 
has been confirmed by spectroscopic redshift determination of several arcs by the 
Toulouse group; in every case, the arc lies well behind the cluster. The cluster mass 
gives rise to a shear that causes the background galaxies to be stretched along circles 
centred on the cluster. The separation of background galaxies from cluster members is 
relatively simple. The former are quite blue (mean Bj R ~ 0.5 over the range Bj = 24 
27), while cluster ellipticals are very red {Bj R 1.5 2). The distant blue galaxies 
show a continuum of morphologies going from the giant arcs (e.g. in Abell 370 and 
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CL2244 02) throupli smaller arclcts to only slightly elongated galaxies which are 
prererentially aligned tangentially relative to the cluster centre. 

2.2 Smuiliitiofis and mass dett'rrnination 

In order to relate the observed distortion of background galaxies to the amount of 
mass in the cluster, we carry out realistic simulations in which we use an actual image 
of the distant galaxies (in a randomly chosen part of sky not containing a foreground 
cluster) as the background \screen . The cluster mass is modelled as a smooth soft-core 
isothermal lens, while each td the bright cluster ellipticals is assigned a truncated 
isothermal scaled to its b aber-Jackson mass. The ‘screen’ is then distorted by this 
model gravitational lens and the ciTects of seeing and noise arc added. T he distortion 
IS quantified by first computing an ellipticity vector for each galaxy (using its intensity- 
weighted second moments) and then integrating over all background galaxies. This 
distortion measure in the simulated image is compared to that in the actual CCD image 
in order to derive lens parameters. 

For three of the better studied clusters (Tyson et ai 1990; 1 yson 1991) that show 
strong Icnsing effects, Abell 1689, 3C29S (C’L 1409), (;L0024 f 16, the inferred depth 
of the smooth clustci pincntial, expressed in terms of an equivalent linc-of-sight 
velcK'ity dispersion, is about rr-- I lOO l5(K)km s F The derived core radius of the 
mass distribution ranges from 40 70 h ' kpc but is somewhat more uncertain. Most 
of the mass ( ^ 80^.*) must be in the smooth extended ccmiponcnt (rather than 
concentrated inside tlie ellipiticals), since the long arcs and arclcts are mostly seen 
centred on the cluster as a whole; rarely do the background galaxies form arcs around 
individual cluster galaxies. 


3. Discussion 

Gravitational lensing can thus be a useful probe of the (mostly dark) matter in the 
inner few 100 kpc of clusters. Unlike the mass derived from direct kinematical 
measures of n, the estimate from lensmg is independent of dynamical assumptiims (i.c. 
whether the cluster is viriali/ed) and possible projection of (unbound) foreground or 
backgrcmiid galaxies, f ru those clusters w'ith reliable kinematically determined 
velocity dispersions (e.g. Abell 1689), the measured value of a and value eslimated 
from lensing distortion are usually m reasonable agreement or the latter is slightly 
smaller, indicating that the above biases on the kinematical estimate arc small 
M orcover, the lensing value may be a slight underestimate because of the effects of 
seeing, the prvssibility that some fraction of field galaxies are very compact and 
unresolved, imperfect separation of cluster members from the field population, etc. 
The high velocity dispersions found in clusters (now' confirmed through these twc> 
independent techniques) may he a problem for the standard biased cold dark matter 
model (Peebles cl al. 1990). We have studied 26 clusters to date and find that all the 
optically rich and/or compact ones shciw' appieciabie lensing. The matter core sizes 
derived from lensing for these objects are usually smaller than the X-ray core radii. An 
extension of this technique, using large-area deep CCD imaging to measure the shapes 
and orientations of distant galaxies, can be used to map foreground dark matter 
clumps not associated with galaxies. 
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V. K. Kapahi, R. M. Athreya & C. R. Subrahmanya National Cemre for Radio 

Astrophysics, TIFR, Pune 411 007, India 

R. W. Hunstead & J. C. Baker University <>/ Sydney. NSW 2000. Australia. 

P. J. McCarthy Observatories of the Carnacfie Institution of Washington, Pasadena. 
Ca ^1101, VS A 

W. van Breugel IGPP, Livermore. Ca 94550. USA. 

Abstract. We have invesligated Ihe linear si/e distributions of sources in 
the new Molonglo quasar sample with a limiting flux density of 0.93 Jy at 
408 MHz, a factor of 5 deeper than 3CR sample. The relatively low radio 
Frequency of the finding survey, together with near-completeness with 
regard to deep optical identifications and spectroscopy, make this a very 
good sample for testing the unification of quasars and radio galaxies based 
on orientation effects. We find that even though of lower radio luminosity, 
Molonglo quasars in different ledshift ranges are typically larger than 
3CRR quasars. This is contrary to the known behaviour of radio galaxies of 
similar radio luminosity, and is difficult to undeistand in unification 
schemes based only on orientation. 

Key words: Cosmological evolution unification of radio galaxies and 
quasars. 


1. Introduction 

The linear sizes of powerful double radio sources appear to be a function of the cosmic 
epoch as well as of the radio luminosity of the sources. Attempts to disentangle the two 
effects using samples covering a wide range in flux density have met with considerable 
success in recent years as far as radio galaxies are concerned. It is now generally agreed 
(Kapahi 1986,1989;()ort et ai 1987; Singal 1988, 1993a; Subramanian & Swarup 1990) 
that over a wide range in redshift (z) and radio luminosity (P), the median linear sizes 
(/^) of radio galaxies can be expressed as x 1 4 z) ”, with [i ~ 0.3 and n ~ 3. In the 
case of quasars on the other hand, there is little evidence for such a relation; existing data 
appear to indicate a weaker dependence on epoch (ri -- 0 to 2) and possibly an inverse 
dependence on P (e.g. Barlhel & Miley 1988; Singal 1988. 1993a). It is not clear if various 
selection effects and biases in the quasar samples (possibly induced by relativistic beaming 
and other orientation dependent effects on the radio and optical continuum radiation) 
could be responsible for the apparently different behaviour of quasars and radio galaxies. 
The matter is of considerable significance to the 'unified scheme’ of Barlhel (1989) 
which has attracted a great deal of attention in recent years. The scheme postulates that 
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radio galaxies and quasars are intrinsically similar; those seen at small-angles ( < 45 ) 
to then jet axes being classilied as quasars and the others as radio galaxies. It therefore 
requires that the projected linear sizes of quasars should be systematically smaller 
than those of radio galaxies, but both should show similar dependences on r and P. 

Complete and unbiased samples selected at low radio frequencies (where most 
sources are lobe-dominaled and therefore not seriously alTcctcd by orientation biases 
due to relativistic beaming etTects in the parsec-scale nuclear jets) are clearly necessary 
to compare die linear si/c statistics of radio galaxies and quasars in the context of the 
unilied scheme. The relative numbers and projected size distributions of radio galaxies 
and quasars in dilTerent redshift ranges in the 3CRR sample with ;■ 10 Jy (Laing ct 
ill. 19K3), which is the only sample with complete optical identification and spectro¬ 
scopic data, appear to be in conflict with Barthers umheation scheme even if the range 
of viewing angles dividing the two classes is allowed to evolve with epoch or radio 
luminosity (Kapahi 1990; Smgal 1993b). In view of the relatively small number of 
quasars in the 3C'RR sample, however, it is important to investigate a larger indepen¬ 
dent sample. We report here the preliminary results from a new and almost ^complete’ 
sample of quasars formed from the Molonglo Reference ( atalogiie. 

2. The [Molonglo Quasar Sample (IMQS) 

The Molonglo quasar sample (MQS) was initially defined on the basis of optical 
identifications with stellar objects on the UK Schmidt III aJ plates (complete down to 
a limiting magnitude of ^ 22.5) of about 550 radio sources with > 0.95 Jy, 
- 30 < 6 < - 20 and RA ranges of 20^ - 6^ and 9.5^ 14'’ in the Molonglo Reference 

Catalogue (MRC ; Large ct ni I9H1), based on radio positions determined with the 
Molonglo Observatory Synthesis Telescope at S43 MHz (Hunstead & Subrahmanya, 
in preparation) or taken from the MRC. Follow-up work has included high resolution 
radio imaging at 5 GH/ using the Very Large Array and optical spectroscopy with the 
Anglo-Auslralian I clescope (see Baker c( al. 1994 for some preliminary results based 
on optical spectroscopy). Some more quasars have subsequently got added to the initial 
sample as a result of deep C( D optical imaging (with the 2.3 m Dupont tcleseope of the 
Las Campanas Observatory) and spectroscopy (with the 4 m telescope of the Cerro 
Tololo Inter-American Observatory) that some of us have been carrying out on the 
complete sample of 550 Molonglo sources (McCarthy ct al. 1990). 

The MQS at present consists of SI quasars with spectroscopic redshifts. Of the 
remaining candidate identifications without spectroscopy, we estimate that another 
5 to 10 objects may get confirmed as quasars after spectroscopy. This small incom¬ 
pleteness of the sample is however unlikely to have any serious efl'cet on our analysis 
reported here as the missing quasars do not form any special group as far as their 
apparent radio and optical properties are concerned. 

3. Compari.son of Molonglo and 3CRR quasars 

Assuming a typical spectral index of 0.9, the Molonglo quasars go about a factor of 5 deeper 
in flux density than the 3CRR quasars. The principal difference in the redshift distributions 
of the two samples (Fig. 1) is the presence of a somewhat longer tail at r > 2 in the 
Molonglo sample. 
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Figure 1. Redshill dislrihuljDH of 3C KR and Molonplo quasars. 

The linear si/e ciislribuiions of quasars in the Iwo samples arc compared in Fig. 2. 
The Molonglo sample is seen lo have a larger fraclion of compacl unresolved st)urees 
(/< 20kpc, assuming //(, 5()kms ’ Mpe ‘ and c/,, 0 of bolh the Hal spectrum 

(a < 0.5; core-dominated) and the steep-spectrum (a :> 0.5) varieties. Reasonable argu¬ 
ments can be made for excluding such objects from both the samples in comparing the 
linear size distributions of extended radio quasars, riic larger fraclion of core- 
dominated objects in MQS is probably related to the higher selection frequency and 
a consequent increase in their selectiim probability due to the doppler boosting of the 
llux density in their radio cores because of relativistic beaming etTects (On & Browne 
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Figure 2. Distributions of linear sizes of all quasars in the .^C'RR and Molonglo samples, 
Shaded area refers to core-dominated flat spectrum quasars. 
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1982). The overall spectral shapes ol many of these core-dominated quasars indicate 
that they would not qualify to be in the sample at ^ 40 ^ > 0.95 Jy if only the unbeamed 
flux in their lobes is considered. The incidence of compact steep-spectrum sources is 
also known to increase with increasing frequency of selection due to low frequency 
turnovers in their radio spectra (e.g. Kapahi 19S1). Their radio structures and linear 
sizes do not also appear to show a continuity with the more extended double quasars. 
In the subsequent comparison we have therefore excluded the core- dominated as well 
as all steep spectrum quasars with a total linear size < 20 kpc. 

For the extended steep spectrum sources the values of (median linear size) in the 
3CRR and Molonglo samples are 133 kpc and 237 kpc respectively. Even though the 
average radio luminosity of the Molonglo quasars is a factor of ~ 5 lowTr than that of 
the 3CRR quasars, their linear sizes appear to be considerably larger. This is contrary 
to expectation if quasar sizes also depended directly on radio luminosity as in the case 
of radio galaxies. If we subdivide the samples into two different redshift ranges, viz. 
0.5 < :' < 1.0 and 1.0 < z < 2.0 the median linear sizes are consistently larger for the 
Molonglo quasars in both the ranges (Fig. 3 and Table 1), indicating an inverse 
correlation of / with P. The number of extended quasars at z<0.5 is too small (4 in 
3CRR and 7 in Molonglo) to make a meaningful comparison but the estimated values 
of of 316 kpc and 274 kpc respectively are not inconsistent with the above trend due 
to the larger errors in 

It is also interesting to compare the linear size distributions of Molonglo quasars with 
those for 3CRR radio galaxies at similar redshifts. In the range of 0.5 < z < 1.0 where the 
numbers involved are reasonably large (25 quasars vs. 32 galaxies) the value of ~~ 268 kpc 
(Kapahi 1990) for the 3CRR radio galaxies is actually smaller than the value 01331 kpc for 
the Molonglo quasars. The galaxies in this comparison have considerably higher luminos¬ 
ity than the quasars, and since the sizes of radio galaxies are expected to be even smaller at 
luminosities corresponding to the Molonglo quasar luminosities, the data appear to be in 
serious conflict with the predictions of the unified scheme. 


0,5 < z < 1 


1 < z < 2 
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log(l, kpc) 


MOLONGLO 
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1 2 
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Figure 3. Distributions of linear sizes in two different redshift ranges. 
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Table 1. Median linear sizes of extended steep-spetlrum quasars in (lie 3C'RR and Molonglo 
samples- 




3CRR 



Molonglo 


Redshift range 

No. of 
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quasars 

408 MHz 

kpe 

quasars 


kpc 



(WHz M 




z < 0.5 

4 

27.K 

^16^ 

11 h 

7 

27.4 

S74 ' iHTl 
11)4 

0.5 < z < 1 

13 

28.6 

100 *- 

25 

27.8 

3JI * 

K1 

J <— < 2 

16 

29.1 


20 

28,7 

200 


Al present our spectroscopic i^hservalions oT Molonglo radit) ladaxics are not 
Lomplctc enough to make a direct comparison of the si/es of Molonglo quasars and 
Molonglo galaxies in the same rcdshill ranges. There arc 72 radio galaxy identifications 
m our Molonglo sample lha! have a spectroscopic ledshift : > 0.5. Of (he remaining 
objects, if we make the reasonable assumption that those wilhoul any optical identihea- 
lions on the sky survey plates are likely to be radio galaxies at r - 0 /. 5 . we can make an 
apprtuimale comparison of radio galaxies and quasars at r >0.5 in the Molonglo 
samples. For this we furthei assume the unidentified objecls to have : - I for converting 
the measured angular si/c into a linear si/e (the fairly Hat (I — z lelation at c > 0.5 implies 
that the (Trors thus introduced are not likely to be very serious). A comparison thus carried 
out shows tfiat the c > 0.5 radii> galaxies liave - 1 5} kjK a., compared to -- 251 kjX’ 
for the :: >0.5 quasars m the Molonglo sample. This is indeed hard to understand in the 
context of the unified scheme. It is also hard to imagine any strong biases or selection 
efl'ects in our samples that can make the quasars look larger than the galaxies. 


4. ( onclusions 


Based on the statistics of linear si/es in the new Molonglo l-.)y quasai sample, which is 
nearly complete from the point of view of deep optical identilications and spectroscopy, 
we have presented evidence that the rcdshill and luminosity dependence ol radio 
quasars is quite difTcrcnt from what has been inferred for radio galaxies. There is also 
a preliminary suggestion in our data that the median lineal si/e of extended steep 
spectrum quasars is aclually larger than the median si/e for radio galaxies in the 
Molonglo sample at z > 0.5. If confirmed, cuir results would pose a major challenge to 
the models that use orientation efTects alone to unify radio galaxies and quasars. 
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A New Population of Gravitationally Lensed Radio Arcs in Distant 
Abell Clusters 

J. Bagchi & V. K.. Kapahi NalUmal Centre for Radio Astrophysics, 7IFR. Pune 411 007, 
India, 


Abstract. We report the discovery of a population of faint, and possibly 
gravitationally lensed, radio sources near the centres of distant Abell 
clusters from sensitive VLA maps made at 21 cm A of a statistical sample of 
46 distant (0.1 < z < 0.3) clusters containing dominant cD galaxies. Sources 
down to 1 mJy in flux density were detected near the field centres. There 
appears to be a statistically significant, non-random orientation of faint 
radio sources with their major axes close to the tangential directions with 
respect to the radius vectors from the cluster centres, strongly suggestive of 
gravitational lensing by the cluster potential. Maximum distortions were 
found to be present within 0.25 the Abell radius — 3Mpc) from 

cluster centres. Several of the tangentially oriented sources have large 
angular sizes 10"-35") but possess flat radio spectra (spectral index 
a < 0.5 between 0.3 and 1.4GHz). These properties further strengthen the 
gravitational lensing hypothesis. A preliminary analysis of the data is 
reported in which wc discuss the possible applications of this finding in the 
study of gravitating mass distribution in clusters of galaxies and in employ¬ 
ing these cluster gravitational telescopes to study the faint radio galaxies in 
the distant universe. 

Key words: Clusters of galaxies gravitational lensing—arclets cos¬ 
mology. 


1. Introduction 

The gravitational lensing (GL) effect is emerging as a new tool of observational 
cosmology. The discovery of giant luminous arcs (GLAs) in two clusters of galaxies 
(Lynds & Petrosian 1986; Soucail et al. 1987) and the suggested interpretation of the 
phenomenon as gravitational lensing (Paczynski 1987) generated the exciting possibil¬ 
ity of using clusters as gravitational lenses. The redshifts of these arcs were found to be 
much greater than the cluster redshifts, confirming the GL interpretation (Soucail et ai 
1988). Realizing that these GLAs are examples of strong lensing due to favourably 
placed distant galaxies, Grossman & Narayan (1988) predicted the existence of 
numerous smaller arclets for each GLA. Such small optical arclets were indeed seen in 
the cluster A370 and A2218 (Fort et ai 1988; Pello-Descyre et al. 1988). Ultra-deep 
CCDimagingof a few clusters by Tyson et a/. (1990) has revealed populations of arclets 
that are extremely faint (B^i^ 25-27), unusually blue (B-R^5 j 0.3), and are mostly 
tangentially placed relative to cluster centres (see Fort, 1991 for a review). Due to their 
extreme faintness, no redshift measurement of these arclets has been possible with 
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curreni technology. However, on the basis of unambiguous colour redshifts of a few 
arclets. Fort (1991) derived a probable redshift range of 0.7 1.3. We report here the 
statistical evidence for a new population of faint radio images detected near the centr es 
of distant Abell clusters. The near tangential alignment of these sources indicates that 
these are possibly the gravitationally lensed radio arclets. A preliminary analysis of this 
result is presented here (we have used - 5()km s ^ Mpe \ and 


2. The cluster sample 

We searched for signals of GL in a radio survey (Bagchi 1992) of a nearly complete 
sample of 46 Abell clusters of distance class D ^ 5 «»•< $ O and with 

a BautZ“Morgan morphological class I or I; (i.e. containing a first ranked cD galaxy; 
Leir & van Den Bergh 1977). I he clusters were observed with VI.A in the snapshot 
mode at wavelengths of 20 cm a and 90cm/. We attained the completion limits of 
- 1 mJy and 15-25 mJy at the two wavelengths respectively (for point sources near 
field centres). The 1 WHM sizes of the circular gaussian beams were 30" x 30' at 
20 cm /. and 60' x 60" at 90 cm /. The results of this VLA survey, relating in particular 
to the radio properties of the cD galaxies, are presented in Bagchi & Kapahi (1994). 


3. The radio arclets 

rhe radio stiurces associated with eluster member galaxies are a potential source of 
confusion in looking for radio arclets. 'To reduce this, we disregard the radio sources 
found to be associated with the cD galaxies on the basis ol good positional agreement. 
The orientations of the remaining radio sources were calculated by measuring the angle 
(jy of the major axes of the sources with icspccl to the radius vectors from the cluster 
centres (the acute angle was taken). To this end, two dimensional elliptical gaussians 
were fitted to sc/urces delected on the 20 cm / radio maps. Only radio sources that have 
deconvolved hirgesl angular sizes > 8' and have their major axes P.A. known with an 
accuracy belter than 30 were used to avoid dilution of the CjL signal by many 3 ound’ 
sources (the P.A. errors have a standard error of ^ 5 ). 

A composite radio-source orientation map of 40 usable sources m 28 clusters is 
show n in 1 ig. 1 The common centre of all the clusters is on the ‘3-’ symbol and the 
circle is the boundary the Abell radius —3 Mpe). We have assumed 

the optical centres of the clusters to be the harycentres for GL. The major-axes of the 
sources are drawn as lines of equal length regardless of their actual sizes. This 
distribution of the orientation angles 0 in intervals of 10 is presented in Fig. 2. The 
distribution clearly shows an excess of sources tending to be tangential with respect to 
cluster centres. The median value of the orientation angle is found to be 61 ± 5 as 
against 45 expected for a randomly oriented population. .A Kolmogorov Smirnov 
(K S) lest shows the distribution to be non random at the 98%) level of confidence, 
while a gives a confidence level of > 99%. The distance of 0.25 (or 780 kpc) 

from cluster centres defines the region of most significant tangential alignment and has 
no intrinsic physical significance. In fact, a significant excess of nearly tangentially 
oriented radm sources of larger angular sizes (> 15") could be detected even uplo 
0.7 (2,1 Mpe) from cluster centres. Most of the sources causing the tangential 
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Figure I, A composite radio-source orientation map of 40 sources in 28 clusters ofgidaxies. The 
common centre o( all the clusters is on the ‘ ^ ’ symbol and the circle is the boundary of 0,25 
The major-axes of the sources are drawn as vectors of equal length regardless of their actual sizes. 



Figure!. A histogram of the distribution of orientation angles with respect to the radius vectors 
for the sources shown in Fig. 1. 


alignment were found to possess a rather flat radio spectrum with ot < 0.5 between 
0.3 and 1.4 GHz. 


4. Discussion and conclusion 

We have detected a significant tangential alignment of radio images near cluster cores and 
interpret it as due to gravitational lensing of background sources by massive clusters (e.g. 
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Small et ai 1991; Tyson 1992). The fact that the pieak in the orientation distribution occurs 
in the range of 60- 70 ', could be related to the elliptical distnbution of mass in the clusters. 
No information regarding the velocity dispersion (a) of these clusters is available in 
literature. However, using the <j vs. richness {R) correlation for Abell clusters (e.g. Girardi 
et ai 1993), we can roughly estimate their efficiency as lenses. About 40% are expected to 
have the velocity dispersion rr ^KXKIkms ^ (R ~ 2,3) and the rest 60% should have 
(T ^ 700 800 km s ^ = 1) In order to produce a significant excess of tangentially 

oriented sources over distances ~ 5' from centres, the central surface mass density (L) in 
a majority of lenses should approach the critical value (Z^.) needed for multiple imaging 
i.e., Z/Zj. ~ 1, where 

Z = (9fT^)(27r GrJ ^ --0.69 (rr/lO^kms M^(r^/100kpc) ‘ gmcm 

Here is the core-radius of the assumed isothermal density distribution (Turner, 
□striker & Gott 1984) and Z^ = (c^/47tG) (D^/D, D, ) for the angular-diameter distan¬ 
ces Dj (to lens), (to source) and (lens to source) respectively (e.g. Kovner 1989). 
Placing the lenses at and sources over the range —0.5 to 3.0, the critical 

density spans a rather high range of Z^ 1 — 0.75 gm cm This implies that clusters 
with rT:i: 800kms * and near r, ^0.1 are marginal lenses unless their core radii 
r^. 50 kpc. On the contrary, clusters at z, ~ 0.2 ~ 0.3 and having n > 8(X) km s ‘ can 

act as efficient lenses for the sources of redshifls z^ >0.8 (Z, < 0.6 gm-cm ^) if they have 
core radii r^. <75kpc. Thus, if the gravitating mass is spherically distributed, it is 
necessary that a significant fraction of lensing clusters have compact cores (r. ^ 50 
75 kpc). Assuming average values of z, = 0.15, n = 8(K) km s ^ and r 60 kpc over the 
sample population of lenses, a lower limit of z, > 0.7 can then be obtained for the source 
population, thereby implying that the parent population of the radio- arclcls is possibly 
the radio-galaxies and quasars at cosmological distances. 

The detection of tangential alignment of radio images upto 2 Mpe from cluster 
centres generates the possibility of mapping the shape and scale of the dark-matter 
distribution in clusters using the statistical information on the distortions of a suflv 
ciently large number of images. By surveying -- 20 Abell clusters to a depth of 
- 0.3 mJy (about 3 limes deeper than the present data), it should be possible to obtain 
a large sample of ^ 12(X) faint radio sources (upto 3 Mpe from cluster centres lor 
2 /0.15) for the purpose of statistical analysis. It is also possible that a few radio 
analogues of giant arcs have been detected in our sample. We are trying to identify these 
using higher resolution VLA observations. Due to the large amplification of fluxes and 
the angular sizes of the sources, the detection of such a giant radio arc holds the exciting 
possibility of showing the details of an extremely distant and normally unobservable 
radio source. In conclusion, a detailed study of the gravitationally lensed radio-arclet 
population has important implications for the study of clusters and for cosmology. 
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Chemical Evolution of High Redshift Galaxies 

Pushpa IChare Department of Physics, Vtkal University, Bhuhaneswar 751 004, India. 

N. C. Rana Inter-University Centre for Astronomy and Astrophysics, Ganeshkhind, Post 
Bag 4, Pune, India. 

Abstract. We have determined the rate of chemical evolution of galaxies 
from z = 4 to 2, from the observed redshift distributions of C IV and Lyman 
limit absorption systems in the spectra of quasars. 

Key words: Chemical evolution galaxies—quasar absorption lines. 


The observed redshift distribution of the Lyman limit systems (LLS) and CIV 
absorption systems, is usually parameterised as 

N(z).x(l +z)^ (1) 

N(z] being the number of absorption systems of a given kind per unit redshift interval 
per line of sight, y being the evolutionary parameter. Observations of a large number of 
quasars give 


0.67<z<3.6 (2) 

1.210.56 1.5<z<4.() (.3) 

(Sargent et al 1988; Stcidel 1990). The LLS arc characterized by a neutral hydrogen 
column density 2 x 10*^ cm while the CIV line sample used for the above 

analysis has a column density of C IV, ,v ?? 6 x lO^^cm Assuming the comoving 
number density of galaxies to be unchanging with redshift, the above values of y give the 
effective radii of the galactic halos for detection as LLS and as C IV systems as, 

^^/''(z) = constant (4) 

/?^7(z) = (l+z) (5) 

We assume the halos to be spherical with radius ^ 50kpc and assume a diffuse 
background UV radiation field increasing with z as (1 f z)^ upto z = 2.0 and as 
(1 T z)^^ ^ thereafter (Miralda-Escude & Ostriker 1990). The column density of H I and 
CIV along any line of sight through the halo is obtained by constructing photo¬ 
ionization models assuming plane parallel slabs. The effective radii of the galaxies for 
LLS & CIV systems are the largest impact parameters of the lines of sight through the 
halo, producing ~ 2 x 10'^cm ^ and ~ 6 x 10'^cm Constancy of 

impbes an increase in the mass of the gas in the halo at least as (1 + This 
along with the observed dependence of on z gives the rate of change of abundance 
of carbon, Xfz), with redshift in the galactic halos. This is shown in Fig. 1, which also 
shows the effect of the presence of an abundance gradient {Xfr) = ^^(O)^ ^") in the 
galactic halo, on the rate of chemical evolution. The effect of variation in redshift 
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Redshift 


Fimirc 1. AhiiniJancc caibnn vs r, with and without abundance gradient b is in Kp)c ' 


dependence of D V radiatiim for r 2 on the rate of chemical evolution is shown in 
Fig. 2. 

In conclusion wc have showti that i 1 1 the mass of the gas in the galactic halos was 
higher in the past by a I'actoi 3 at : rr 4 than at present and ( 2 ) the abundance n[' 
carbon increased 3 20 limes Irom r -- 4 2. 
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Figure 2. FITeet of r depi'ndcnec of 11V field for c > 2 on the abundance of carbon. 
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Cross-correlation Analysis of y-ray Burst Time Profiles 
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Ganeshkhind, Ptme 41 / 007, India. 

Abstract. We develop the formalism to use cross-correlation techniques 
to identify gravitationally lensed burst events among dissimilar-looking, 
faint bursts occurring in the same error box in the sky. The technique is 
verified using actual burst time profiles. 

Key words: Gamma-ray bursts gravitational lenses—cross-correlation 
analyses. 


1. Introduction 

One of the major issues pertaining to Gamma-ray Bursters (GRBs) is the question 
whether they are Galactic or extragalactic in origin. Though several Galactic (Proc. 
Los Alamos Workshop 1990), cosmological (Usov & Chibisov 1975; Paezynski 1986a) 
and mixed (Lingenfelter &. Higdon 1992) models had been suggested, none of them 
have so far been able to establish successfully, the distance at which the bursts originate. 
A potential observation that can settle the controversy of burst locations, is that of 
detecting a gravitationally lensed event (Paezynski 1986b). If the GRBs are extragalac¬ 
tic in origin, the probability that a burst is lensed by an intervening galaxy or clusters of 
galaxies increases with the distance to the event. Hence, the fainter bursts are 
statistically more likely to be lensed, in which case it is important to develop methods 
that will allow us to determine when two faint burst events seen in the same error box 
are lensed images of a single burst. Recently, J. Wambsganss (1993) has studied the 
complementary problem of developing a method to distinguish between two burst time 
profiles that appear similar. 

In this paper, we develop a method that studies the time profiles corresponding to 
two burst events originating in the same error box, but separated m time, using 
cross-correlation techniques. 


2. Formalism 

The observed counts r,(r) and C 2 (/), corresponding to two burst events lying in the 
same error box, i and / being the lime bin indices, also contain background noise so that 

CJi) = SJi)^nM ( 1 ) 

Hereafter ot = 1,2 stands for the appropriate quantity corresponding to the first and 
second event respectively. In equation (1), are the intrinsic time profiles of the two 
events, while are the background noise counts that arc mutually uncorrelated and 
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Lire assLiTTicd to be slatii^nary. Choosing equal lengths lor the two data trains, we cross- 
correlate these to obtain 

^ ^ N 

= y 0,(/)Oj(/ +/'); where 0,(() = r,(/) - ^ (2) 

j - \ ^ fc - 1 

arc the observed counts less their averages. 

The background noise Lounls at dilTcrenl time bins arc assumed to be uncorrclaled 
so that 


<n,|i)nJ./)> = + /i,’- 1 -'^) 

where /i, and arc the means and variances of rt^. with ( ) representing an ensenihle 
average. The cross-eorrelatitni signal and noise arc given by 


.s’i,)-<(o,oo,)(()>= y y,(./iy,(./ f/i 

j -1 

.\'(0 = V • <«'>i ''C)(dy 


(4) 


— //V'(Tja 


i - I 


S'{ {j) + rr; ^ .S’;-(./ h I) 


(5) 


1 


respectively, where 


2 i yiv). 

-V ^..., 


The signal-to-noise ratio then is given by 


( 6 ) 


.S'(-) 

Nil) 


V’ .V 

- I S-Vj f I 





where v- 


( ./) 


and 


s,U) 


(7) 


Applying Schwarz inequality to the above expression, it is easy to see that the 
signal-lo-noise ratio is maximized w hen y., . / \^. 

T he above results tell us that if the two intrinsic lime profiles are the same except for 
an overall scalcfaclor and time lag (which will be the case if the burst is gravitationally 
lensed), then the cross-correlation will result in a sharp peak when these time proliles sit 
exactly on top of each other. 


3. Results 

We apply the method described in the previous section by simulating faint bursts. For 
this, we scale the time profile of the burst corresponding to trigger number 179, down by 
a factor 1.87, so that the peak counts arc just 3fT above the mean background noise. The 
scaled time profile .S, 7 g, having length 17 s is then assumed to be the intrinsic burst 
signal for our analysis. The burst counts are then obtained as 


C\(/) = n,(i) + cV| 7 g(/) and r.(/) = n.fO T ^ - L), 


( 8 ) 
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Table 1. BURST 179-1 scaled down by 1 87; lag - 3CK)bins. 


Ampli. 

Corr. 

Time of 

FWHM of 

Noise 

factor 

peak 

peak(s) 

peak(s) 

N 

1.0 

3.45 X 10" 

17.216 

1.024 

2.12 X 10" 

0.5 

1.63 X 10" 

17.216 

1.04 

l.S X 10" 

0.25 

7 77 X 10'' 

17.024 

0.576 

1.71 X HV' 


where A is a de-amplification factor lying in the range (0, 1), L is the time lag index in 
number of bins, while and are statistically independent background noise counts. 
The question, then, is; How far can we decrease A and still maintain a sharp peak in 

0 O 2 with a sufficiently high S/N ratio? 

The results we have obtained are shown in Table 1. The time lag index was taken to 
be L~ 300, which corresponds to a time delay of 17.216 s. From Table 1, it is clear that 
cross-correlation indeed show high peaks at or very close to 17.216s. Therefore, this 
technique not only helps in identifying lensed time profiles but also in determining 
accurate value of the time-delay. Upto A -- 0.3, the cross-correlation shows a distinct 
peak with a full width at half maxima (FWHM) of 0.5 s and S/N ratio of 5. For A less 
than 0.2, (7^ starts becoming noisy. What this implies is that in the case of a lensed 
event, if one of the images is delected with a burst peak at 3it above the average 
background noise while the other is with a peak only at In above the mean noise, it is 
still possible to say with a high degree of confidence that both these events correspond 
to the same burst. 

A similar analysis has also been carried out for the burst 451, for which we find that 
upto A 0.1 the cross-correlation peak is distinct with a S/N ratio over 3. This verifies 
the effectiveness ol this technique in identifying faint lensed events. Since for the 
numerical evaluation of cross-correlations, standard algorithms use fast Fourier 
transforms, our method turns out also to be computationally efficient. 
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Radio Source Counts at 232 MHz 


Zhang Xizhen Beijing Aslronomiral Ohscn atory, CAS Beijimi lOOOSO. China 


The Miyun Synthesis Radio Telescope (MSRT) has been used in a moderately deep 
mcler-wave survey at 232 MHz, covering the sky area norih o( declination 4^ 30 . The 
first results on the source counts are presented in this paper. The sample consists of 
three sub-samples which correspond to high, middle, and low galactic latitude. The log 
N log S curves for sleep spectra sources and flat sources were obtained. An interesting 
result IS discussed. 

The catalogue of the Miyun 232 Mfl/ Survey is complete down to 0-25 Jy (Zhang 
ct uL 1993), For source count purpose, three small samples were taken from this survey. 
The characteristics of the samples are listed in Table 1. 

In Miyun 232 MHz survey, a lot of 3icw’ sources were catalogued lirsi. Among 
the 3iew' sources, whose flux density is less than 0.3 Jy and no counterpart ftnind 
from other catalogue, were not included in the samples. The number removed is 
<0.5% foi sub-sample A and B, and < !%• for sub-sample C The spectral indices 
were derived between 232 MHz and 4.85 CjHz. The flux densities at 4.85 (jHz 
were taken frenn 87CiB catalogue (Gregory 1990). For sources without 4,85 GHz 
counterparts, the spectral-indices were calculated by two methods: one is to extra¬ 
polate according to other frequency data: another, if no other frequency 
data was available, to assume the 4.85GHz flux density to be the k'wer limit of 
4.85 CjHz catalogue. 

The sample covers about 12(K)deg.‘^ sky area and the total number is about 
3500. The interesting thing is that there is a source excess around flux density 
of 0.4Jy. To check this excess, several tests had been earned out. The log 
N logS curves of the three sub-samples for flat and steep sources were 
obtained separately. The preliminary results of the counts, the excess around 
0.4Jy is always there. The excess either appears in the curves of flat spectrum 
sources or appears in the curves of steep sources depending on how to calcu¬ 
late the spcclra-indexes for sources without high frequency countciparls. 1 he 
interesting thing is to study why so many strong sources arc found at low frequency 
survey only. 

The variation of source number as galactic latitude may be explained by the 
irregularity of the large scale structure of the universe, the absorption of the Galaxy, 
and the distribution to the super-galactic-coordinates. Further research and explana¬ 
tion on the excess will be given later. 
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l able 1. The characteristics of the sample. 


Sub-sample A Sub-sample B 


Sub-sample C 


h > 50 deg. 
40()(.sq- deg.) 

1144 (sources) 


20 50 

500(sq. deg.) 
1507( sources) 


b <]5 deg. 
300(sq. deg.) 
8 39 (sources) 
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On the Reality of the Physical Association between QSOs and Galaxies 

A. K. Sapre & V. D. Mishra Sch()<*{ of Studies in Fhysic\, Ft. Rennshankar Shukla 
University. Raipur 492 010, India 


In order to provide an indejx^ndent evidence that QSOs lying close to galaxies with very 
diflerent redshifls are physically associated with the galaxies, Burbidge (1979) found that if 
0{ < 1) is the angular separation between such a QSO and a galaxy and is the redshift of 
the galaxy then (log(Mogz^) pairs for a sample of such QSO-galaxy cases are statist^ ally 
correlated and that the regression coelhcient for linear regression of log(/ on logz’^ is dose 
to - 1.0 implying that these QSOs arc physically associated with the galaxies and that the 
redshifts of such QSOs are largely non-cosmological. If this is indeed the case then log 
(rz^) I plot for such QSOs should be a complete scatter diagram without any statistically 
significant correlation between and log(c z^). In order to lest this we have considered a 
sample of 58 QSOs drawn from the catalogue of Hewitt & Burbidge (1980) such that 
0 < 600" and (z^ - z^) > 0.5. For this sample we have found that the correlation coefficient 
r“().56 and that the correlation is statistically significant at 99% confidence level. 
However, regression coelTicient for the linear regression of on log(rZy) is h — 3.72 ± 0.09 
which is not consistent, at 99%) confidence level, with the value of 5.0 expected theoretically 
if the redshifts of these QSOs are cosmological. But such a sample, being magnitude limited, 
suffers from the well-known Malmquisl bias. On removing this wc get a sub-sample of 31 
QSOs for which r - 0.85 and b = 4.86 T 0.11. Thus we find that the correlation between 
and log(( z^) for these QSOs is statistically significant at 99%o confidence level and that the 
departure of‘b’ from the theoretically expected value of 5.0 (if the redshifts of the QSOs 
are cosmological) is not statistically significant at 95%o confidence level. Thus our 
results raise doubts about the reality of the physical association between such close 
pairs of QSOs and galaxies. 
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The Quasar-Galaxy Pair 3C 232/NGC3067 

P. K. Das Indian Institute of Astrophysics, Banyalore 5600M, India 


An explanation for the observed bridge of matter apparently connecting the spiral 
NGC 3067 and the quasar 3C 232 is sought in terms of a model for the anomalous 
redshift for quasars put forward by Narlikar and Das which is based on the Machian 
theory of gravitation of Hoyle and Narlikar. In this scenario the high redshift quasar is 
hypothesised to have been 'born' in and ejected (rom the nucleus of the associated low 
redshift parent galaxy. The quasar has an anomalous redshift component and the 
particle masses in it grow with time. It is shown that by a suitable choice of initial 
conditions the observed configuration of 3C' 232 and NGC 3067 can be achieved. 
Further the other observed features such as low redshift emission and absorption 
features associated with the quasar and the severely disturbed state oi I he galaxy can be 
qualitatively accounted for in this scenario. 

★ ★ ★ ★ ★ 

Dark Matter Around Binary Galaxies: Disruption of Shells and 
Formation of Flows 


.1. Anosova & B. Anandarao r liysical Research Laboratory, Ahmedahad, India 


We study the dynamics of extended shells artnind binary systems by computer 
simulations in the framework of (he restricted ihrcc-body problem. 

We consider superpositions of many initial conditions for this problem. Initially tho 
zero-mass panicles arc distributed uniformly randomly on a sphere with a radius R and 
have the same radial velocities V with respect to the centre of mass of a binary. The 
components of a binary with masses Ml and M2 move in a circular orbit. 

We apply this model to galaxy binary systems surrounded by shells containing small 
mass particles (eg. a .shell may consist of particles of dark matter massive black holes, 
globular clusters, molecular clouds etc.). We consider the model of cosmological 
expansion of a shell with dilTerent radial velocity. 

It is shown, that initially a shell extends homogeneously, later the particles rest; after 
this they come back, zones of compressed matter is then formed. At some moment we 
have collapse of these particles. They approach with big-mass components of binaries; 
all matter there is inside binary system. After this numerous particles quickly escape 
from the system. We consider five models with different values of parameters: the 
masses Ml and M2 of the members of binaries, radius R of shells around them, and the 
initial velocity V of zero-mass particles. 

For models with small R and F, about half of particles escape from the system. For 
large values of R and V the shell is completely disrupted. The escaped particles form 
a wide How. The position of the flow and the direction of motion of the zero-mass 
particles depend on the position of the big-mass bodies at the moment of closest 
approach of the bodies as well as on a ratio of their masses. In the model with the equal- 
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mass components of a binary, we find that most particles do not escape from the system 
but form the strong stable flow crossing the centre of inertia of a binary. The resulting 
flows move mainly in the plane of orbit of galaxy binary. 

Key words: Dark matter binary systems - shells flows. 

★ ★★★★ 

Cosmological Limits on the Detection Range of the TeV Telescope 
‘TACTIC’ 

A. K.. Mitra & C. L. Bhat Bhahha AtomU Research Centre, Nuclear Research iMhoratory, 
Tromhay, Bombay 400 0H5. India. 


We are presently engaged in building a high-sensitivity VHE y-ray telescope, TACTIC, 
for carrying out detailed studies of cosmic y-ray sources in the energy bracket 
0.2 10TeV (Bhat et al. 1993a, 1993b). A Crab Nebula-like d.c. signal (CRAB) can be 
detected at the .5cr-significance level in under 1 hour of observations, while a signal 
a factor of ^ 50 weaker, can be recovered with the same confidence level in ~ 2(K) h. 

The high-energy y-ray experiment EGRET on board the Compton Observatory has 
so far detected at least 16 active galaxies (Fitchel 1993). Of these, 2 objects have a red-shift 
<0.2, while 14 others have z between 0.54 2.17. Only one BL-Lac object, MK-421, 
(.z = 0.03), has so far been detected in the VHE region, while brighter (and more distant), 
high-energy EGRET sources have so lar eluded detection al higher energies (Punch ef al. 
1992). One plausible explanation for this apparently contradictory behaviour is that the 
TeV signals from these sources suffer significant attenuation due to recessional effects and 
y y interactions with the uptical/infrared photon fields in the mclagalactic space (Sleeker ef 
al. 1992). In view of this possibility, it is desirable that an estimate be made of the 
cosmological detection capability of TACTIC also. 

For this, we closely follow the treatment given by Sleeker et al. (1992). E'or the model 
of the universe with ~ 1 and incorporating similar values for other parameters, we 
parameterize the optical thickness for attenuation of a photon of energy as 


E. 


_s s 

[(I + ~ 1], 


( 1 ) 


where n has a value between 0.16 and 0.40, depending upon the actual value of the 
mctagalactic infra-red photon field density. Assuming the cosmic source to have a y-ray 
luminosity of L in the (0.5 5 TeV) band with a power law index — 2.0, the photon flux 
recorded by a detector with threshold 0.5 TeV may be written as 

.S F eV 

’dF^, (2) 

0 STeV 

where the luminosity distance d(Q. = 1) may be written as 

d - 8CKX) r (I -t z) - ^ T-T^] M pc, (3) 

Now assuming a canonical value of L - 10'*'' erg s from the foregoing equations, we 


1 


‘r 
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find that TACTIC, with its minimum detectable value of F\ ^ 1.4 x 10“ cm s ‘ 
(0.02 Crab), would be able to probe upto z ^ 0.21 - 0.275 (d ^ 9(X) - 1200 Mpc) There 
are only two known y-ray-loud galaxies lying within this range of z, and, therefore, 
serious thought needs to be given to extend this range further by working at a lower 
threshold energy (~0.1TeV) without compromising on the background rejection 
capability of TACTIC. 
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★ ★ ★★★ 

Assessing Fluctuations Using Small Samples 


D. G. Banhatti School of Physics, Madurai-Kamaraj University. Madurai 625 021. India 


1 discuss the assessment of fluctuations for their dcvialii>n from the mean of a small 
statistical sample, with an example of counting radio sources in the sky. If the 
fluctuation being assessed is large, one may exclude it in calculating the sample mean 
and standard deviation (or rms). To look for a fluctuation comparable to the sample 
rms, excluding it from the mean and rms calculation is a biased procedure. For a sample 
of size /V, the maximum any instance can deviate from the mean in units of the rms is 
(iV 1 )/N^ Thus, for example, it is not correct to talk of a 3fi deviation for an instance 
in a sample of 10, since the maximum possible deviation is only 2.85a. Also, the 
assessment of a given deviation using the y ^ test is valid only for sufficiently large N, so 
that the underlying population may be approximated to normal (i.e., Gaussian). To 
assess fluctuations in a small sample of a normally distributed random variable, the 
following question must be answered: If \ is normally distributed, what is the 
distribution of the deviation of a single instance, say x^, from the mean <.x> of a sample 
of size N (containing x^) in units of s = [Lf, ^(.x, - (.x>)^/(/V - 1)]^^^? In other words, 
what is the distribution of the sample statistic Sj ~ (x- — <x> )/.>>? 

★ ★ ★ ★ ★ 

Large Scale Structure of the Universe: Cluster-Void Fine Structure 

J. Anosova, S. Iyer & R. K.. Varma Phy.skal Research Laboratory, Ahmedahad, India 


Using the objective criterion developed by one of the authors (Anosova 1987) we carry 
out a statistical clustering analysis of the distribution of galaxies. We consider an area 
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of the sky with coordinates approximately given by 0 < a < 1 and - 90 < t’) < -f 90' , 
and study a distribution of galaxies in the CFA-Calalogue. The number of galaxies with 
known redshifts inside this area is 115. 

We identify the confident and probable non-chance galaxy groups and clusters on 
the whole and their components as well as probable and confident chance ones. For 
every galaxy we define the probability that this galaxy belongs to a cluster or it is 
a single (isolated) object of the field. We have found 19 confident and probable galaxy 
groups with multiplicity n < 1 and with physical connection of members, one 'super- 
cluster' with n - 31 containing a few small clusters. 75.0% of the galaxies under study 
are members of these clusters. The other 29 galaxies in the field are confident single 
ones, 15 of them have nearest neighbours with confident or probable chance connec¬ 
tion. The average confidence level for determining the members of the galaxy clusters is 
^nch ± and for voids it is = 0.995 ± 0.014. 

It is shown that between all clusters and single galaxies there are confidently 
determined empty regions (voids). We also found two confident non-cliance compact 
galaxy groups with large difTcrences of radial velocities for their members, approxi¬ 
mately 2(KX)km/s. For every cluster and the sample of single galaxies wc define the 
average values of basic characteristics. 

Therefore, we conclude that in the examined part of the Universe the normal galaxy 
field with randomly distributed galaxies does not exist. Wc obtain here the cluster- void 
structure of the Universe. Sometimes we observe in the field one or a few close clusters, 
connected with each other; sometimes we observe one or two single galaxies. Between 
these clusters and single galaxies we have voids with an average confidence level 

±om^. 

Key words: Galaxy distribution functions galaxy clusters voids 
chance and non-chance groups. 

★ ★ ★ ★ ★ 


Co.smographic Methods 


D. G. Banhatti School of Physics, Madurai-KamarLij University, Muditroi 


625 021, India 


Cosmographic methods arc surveyed, giving examples of results on the large-scale 
structure in the universe using these methods. Showing structure upto few 100 Mpc, the 
distribution of light tends to uniform random (i.e. Poisson) beyond that scale. In 
particular, binning or counting radio sources to estimated depths z < 1 shows uniform 
random distribution, confirmed by power-spectrum analysis and its Fourier dual 
method of covariance function analysis (or use of two-point correlation functions) on 
radio source surveys at similar depths and on angular scales from tenths of a degree to 
tens of degrees. Shallow'd optical surveys (to z ~ 0.1) show galaxies to be clustered, with 
the clusters arranged in sheetfike superciusters enclosing voids, the more distant voids 
being bigger. Percolation studies of these optical surveys of galaxies also bring out this 
structure of connected clusters. In projection, some of these sheets appear like 
filaments, whose objectivity’ has been confirmed by graph theoretical methods. 
Probabilities of finding difl'erent numbers of objects in regions of a given size or of 
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finding a given number of objects in regions of dilTcrent si/es, called distnbution 
functions, can be compared with the predictions for relaxed gravitational clustenng to 
determine the ratio of the gravitational correlation energy to the kinetic energy of 
peculiar motion, the expected ratio being zero for no clustering (i.e., uniform random 
distribution) and 2 if all objects are clustered. Application to surveys io dilTercnt depths 
gives 1.40 ±0.05 on 1 to lOMpc scales, 0.58 ± 0.08 on 10 to 50Mpc scales and 
0.02 ± 0.01 scales > UK) Mpc, in consonance with results using other methods. Fractal 
geometry may be applied on these scales (i.c., from a few Mpe to a few 100 Mpe) to give 
a power-law of slope - 1.7 for the average density of visible matter against the 
averaging scale, consistent with the slope of the tw o-point correlation function, and 
giving the fractal dimension 1.3 (^^3 - 1.7). Deeper optical and radio surveys show that 
this hierarchical (or fractal) slructure gives way to a uniform random distribution 
beyond a few UK) Mpe. Topological methods have show n that the galaxy distribution 
becomes less choppy (or smoother) when averaged over larger and larger volumes, in 
agreement with results using other methods. Currently available sur\eys of large-scale 
structure in the universe may be listed in order of increasing depth as Zwacky, CTA, 
Giovanclli and Haynes, Abell, QDOT; Q\Gi\ IRAS, APM, X-ray, radio and CT)BF:; 
the last being a survey of the 2.73 K cosmic relic background radiation, the deepest 
possible that can be probed wath pheUons 

★ 




Nuclei 





Supplement to J. Aslrophys. Astr, (1995) 16, 153 161 


Unified Schemes for Radio-loud Active Galactic Nuclei 

Gopal-Krishna National Centre for Radio Ajitrophysie.y I'lFR, Rune 411 007. Indio. 
Also Max‘Planck-1nstitut f. Radiaastronomic, D-53010 Bonn. Germany 

Abstract. We briefly review the background and the current observa¬ 
tional framework of the unification scheme according to which classifica¬ 
tion of a radio-loud AGN is determined principally by its aspect. After 
summarizing the extensive observational support to the scheme, arising 
through difTcrcnl wavebands, we focus here tm addressing certain questions 
and potential problems emerging from recent studies of powerful radio 
sources, involving the measurements of their radio sizes and VLBI 
polarimctry of their nuclear jets, Possible resolutions of these issues are 
discussed. 

Keywords: Radio galaxies quasars relativistic jets blazars. 


I. Introduction 

In the simplest terms, an AGN is perceived to be a strong, essentially isotropic emitter 
of ionizing photons arising from dissipative processes within the disk of material being 
accreted towards the galactic centre. Both the featureless continuum (FC') of these 
photons and the surrounding broad-line-emitling region (BLR) ionized by them are 
believed to be directly observable in the case of AGN classified as quasars and Seyferl 1 
galaxies (Antonucci 1993; Osterbrock 1993). Although sucli a gravitational engine can 
occur both in spiral and elliptical galaxies, the latter alone seem capable of ejecting 
energetic jet pair needed to produce giant, double-lobed radio sources (Biandford 1990; 
Bridle 1992). Broadly, such radio-loud AGN are classified as radio galaxies (RGs), 
quasars (QSRs) and blazars. Some proposals to relate (i.e., 'unify’) them mainly through 
orientation eflects are briefly discussed here (see, Antonucci 1993, for a detailed review 
and fuller literature coverage). Confining mainly to powerful radio sources, I aim to 
focus here on cerlain new issues arising from their radio observations. Recent reviews of 
the unified schemes for radio-weak AGN can be found in Osterbrock (1993), Antonucci 
(1993) and Wilson (1992). 


2. Radio-loud AGN: Classification and phenomenology 

Standard taxonomy of radio-loud AGN, which are ~ 10% of all AGN, enlists Bf. Lacs, 
core-dominated quasars (CDQs), lobe-dominated quasars (LDQs), broad-linc radio 
galaxies (BLRGs) and narrow-line radio galaxies (NLRCiS). Although radio-loud 
AGN, especially their radio-powerful subset characterized by a double-lobed radio 
morphology, are rather rare and remote, their accessibility through the additional 
(radio) window offers unique possibilities. These include the feasibility of imaging the 
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nuclear outflow ( jets) and magnetic field configuration on the parsec scale by VLBI, as 
well as the availability of (statistical) orienlation indicators for the large-scale radio 
structure, such as; lobe-separation, core-to-lobc flux ratio (R), core polarization, jel- 
counterjet brightness ratio and lobe-depolarization asymmetry (section 3.2). Further, 
bright radio emission seems to be generic to rapidly varying AGN (e.g., Impey et al. 
1991; Wills el al 1992; Perlman & Stocke 1993). Known as blazars, such AGN are 
sub-classified as ‘BL Lacs' if the optical emission lines arc very weak (or, absent); 
otherwise, they are called ‘optically-violcntly-variablcs (OVVs)', or 'Highly- polarizcd- 
quasars (HPQs)’. Indeed, most CDQs are now believed to be potential blazars 
(f ugmann & Meisenheimer 1988; Impey et al 1991; Wills et al 1992; Witzel et al 
1993). 

Moderately powerful radio sources (log P < 25.5 WHz ' at 1 GHz, taking 
50km s ^ Mpe ') are usually dominated by a roughly symmetric pair of jets 
broadening & fading away from the nucleus (FR1 type). Their luminous counterparts 
(FR2 type), i.e., powerful radio galaxies (PRGs) &. quasars (QSRs), typically exhibit 
bright 'hotspots' near the extremities of their radio lobes (see. Bridle 1992). 

Arc the various classes of ACjN physically different, or their diversity is merely 
a result of viewing the same type of objects from different directions? As discussed 
below, this urge to unify through orientation effects has been remarkably successful in 
stemming the tide of diversification. Some alternative, possibly viable scenarios for 
unification, invoking a temporal evolution of nuclear activity (Neff & Hutchings 1990), 
or a strong jet-environment interaction (Norman & Miley 1984), come out with less 
sharp verifiable predictions and are not discussed here. 


3. Orientation-dependence: Obscuration and relativi.stic beaming 

Two processes on the innermost parsec scale render the nuclear emission anisotropic: 

■ Obscuration of the nuclear l-C and BLR by a dusty torus of cool gas (Antonucci 
1984; Antonucci & Miller 1985; Krolik & Begelman 1986), or by a warped gaseous disk 
(Sanders et al 1989) 

■ Relativistic beaming of the jet's nonlhermal continuum (Blandford & Rees 1978). 


3.1 Some evidences for the obscurituf tori in radio-loud AGN 

■ From speclro-polarimetry: An early evidence came from the NLRG 3C234 with the 
detection of FC and BLR emission strongly polarized perpendicular to the radio axis 
(in a frequency-independent manner). This and an analogous result for the narrow-line 
Seyfert NGC1()68 were interpreted by postulating a quasar type nucleus whose FC and 
BLR emission is obscured by a surrounding dusty torus, but escapes through its polar 
openings (along the radio jets) and is then partly scattered towards us by thermal 
electrons (Antonucci & Miller 1985; Krolik & Begelman 1986). Similar evidence is now 
available for a few more NLRGs (Antonucci 1993). 

■ From imaging polarimelry: For several NLRCis, the rest-frame LJV/optical/IR 
emission coming from the cenlral parts, or from the off’-nuclcar patches is found to be 
substantially polarized perpendicular to the radio axis. This is expected in the 
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obscuring torus scenario (e.g., de Serego Alighieri et al. 1993; Tadhunler et ai 1992: 
Anlonucci & Barvainis 1990). 

■ From the deficit of ionizing photons: The extended emission-line region (EFLR) in 
several NLRGs has been found to require for its excitation a nuclear UV source 
directing a much greater intensity towards the EELR than m our direction This is 
consistent with the obscuring torus-cum-rclativisiic beaming model for the anisotropic 
nuclear continuum (e.g., Heckman et al 1992). 

3.2 Evidences for the relativistic jets in radio-powerful AGN 

Although superluminally moving radio knots in the parscc-scale nuclear jets of 
powerful radio sources are a well known indicator of relativistic bulk motion (Lorent/ 
factor I » 1), several other evidences are now available: 

■ VLBl of a few blazars has yielded brightness lemperatures of 1 3.10' ' K (Linfield 

Cl al 1990), i.e. well above the inverse Compton limit, thus requiring F >:- i. Relativistic 
motion can also explain the enormous brightness temperatures 10‘^ K) infer¬ 

red for the intra-day variable blazars (Wit/el et a I 1993), 

■ For the nuclear jets of many blazars, f » 1 is also pifcrred from the apparent tieficit of 
X-rays compared to the synchro-self-Compton flux densities predicted from the jets, 
assuming them to be stationary (Ghisellini et ul 1993). 

■ The observed intense and rapidly varying y ray emission from several blazars 
mandates r»l for the nuclear jets, or else the y rays would be self-absorbed in 
photon photon collisions (e.g., Dermer & Schlickeiser 1993). 

■ I hc strong anti-correlation observed for QSRs lx‘tween the l^;// ]3727 line equivalent- 
width and the radio corc-to-lobe flux ratio {R) argues for relativistic beaming of the 
nuclear optical continuum as well (Baker ct al.. 1995. this volume, 185 IHK), since the 
[07/J3727 line is isotropically emitted (lies ei al 1993). The question whether R is 
indeed a statistical measure of relativistic beaming in the nuclei of powerful radio 
sources has been investigated in the past by looking for its anti-correlation with 
(i) linearity of the VLBI jet, (ii) overall radio size, and (iii| arm-length symmetry (sec, 
Readhead et al 1978; Hine & Scheuer 1980; Gopal-Krishna ct al 1980; Ciopal- 
Krishna 1980). Such tests were carried out more elTectively using large samples of QSRs 
(Kapahi & Saikia 1982; Browne & Pcricy 1986) and have indicated consistency with 
r ^ 5 estimated by Orr & Browne (1982) from the source counts offlat-spectrum QSRs 
(see, also, Kapahi & Kulkarni 1986). 

■ The apparent one-sidedness of the parsec-scalcjels can be easily understood in terms 
of relativistic beaming. Furthermore, the strong tendency for both the parsec-scale and 
kiloparsec-scale jets to appear brighter on the same side of the nucleus argues for the 
relativistic bulk flow persisting out to kiloparsec-scale, at least m intrinsically powerful 
jets (Scheuer 1984; Bridle 1992). 

■ The case for relativistic beaming in kiloparsec-scale jets is further strengthened by the 
spectacular finding that in QSRs, the brighter appearing jet is nearly always on the side 
of the lobe which is less depolarized at long wavelengths (and is, thus, likely to be on the 
near side from us) (Carrington et al. 1988; Laing 1988). 

■ There is growing evidence that the optical (and also X-ray) emission from QSR nuclei 
consists of two components. Of these, one correlates strongly with the radio jet 
emission and should, likewise, be relativistically beamed (e.g., Impey et al 1991; Wills 
et al 1992; Kembhavi 1993). 
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4. Steps towards the unification of radio-loud AGN 


The abundant evidence for anisotropic nuclear radiation (section 3) implies that in 
any classification scheme for radio sources a key parameter to consider is the angular 
separation, 0, between the linc-of-sight and the principal axis of the source, defined 
by the jet/torus axis. In 1978,Blandford & Rees interpreted the extreme variability 
and core-dominance of BL Lacs by identifying them as the double sources whose jets 
are pointed nearly in our direction. This concept was expanded upon to ‘unify’ 
CDQs and LDQs, taking the latter to be the parent population' (Orr & Browne 
1982; see Kapahi & Saikia 1982 for independent arguments) (section 3.2d). However, 
the presumed lack of orientation bias in this postulated parent population was 
questioned by the subsequent detection of: (i) unexpectedly large radio lobes associated 
with superluminal CDQs (Schilizzi & de Bruyn 1983; see, however, Antonucci 1993), 
(ii) large jet/counter-jel brightness asymmetry in every QSR, including the largest 
ones (Barthel et al. 1989), (iii) superluminal motion in the cores of even the largest 
known QSRs (Barthel et al. 1989; Porcas 1981), and (iv) a striking depolarization 
asymmetry of QSR radio lobes (Laing 1988; Carrington et al 1988). The implied 
dearth of QSRs with jets near the sky plane paved the way for a more comprehensive 
unifying scheme (Barthel 1989; Scheucr 1987; Peacock 1987; Morisawa & f akahara 
1987) in which the nuclear emission is anisotropized by the torus, too (section 3) 
and, furthermore, PRGs arc perceived as the parent population of both QSRs and 
blazars. Two main versions of this scheme arc: 

4.1 I he unified scheme for radio-mediocre stna'ces [FR] type) 

Consensus has increasingly favoured identification of the FRl NLRGs as the 
misaligned Bl. Lacs. Firstly, the two arc found to be statistically matched in terms 
of aspect-independent properties, such as the lobe radio emission, as well as the 
host galaxy’s light and its cluster environment (Browne 1983; Antonucci & Ulvestad 
1985; Ulrich 1989; Smith & Heckman 1990; Perlman & Stocke 1993; Falomo 
et al 1993). Secondly, it was shown that the observed RLF of BL Lacs can be 
successfully modelled, starting with the RLF of the (randomly-oriented) FRl 
NLRG population, taking a characteristic F 7 (Urry et al 1991). This implies 
a critical viewing angle (1^ ~ 10" within which a FRl NLRG would be identified 
as a BL Lac. 

4.2 The unified scheme for high-luminosity radio sources (FR2 type) 

Here the alignment is postulated to improve along the NLRG(FR2)-LDQ-CDQ 
sequence. A modelling similar to the above yields T^ 11 and 0^ ^38" and ^ 14 , 
respectively for the LDQs and CDQs, taking PRGs (i.e., FR2-type NLRGs) as the 
parent population (Padovani & Urry 1992). The estimated critical angle of 38 for 
QSRs is close to 0^ ^ 44 estimated earlier by Barthel (1989) simply from the relative 
numbers of PRGs and QSRs al intermediateredshifts (0.5 < z < l)in the 3CRR sample 
where the sources have been selected by their lobe emission and are therefore expected 
to be almost randomly oriented. Interestingly, a similar value of 0^ has recently been 
inferred also from radio variability (Lainela & Valtaoja 1993). 
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5. Consistency checks on the orientation-based FR2 unified scheme 

5.1 Statistical properties related to the radifj jets and lobes: 

m Compared to PRGs of the same average lobe power, QSRs exhibit more prominent 
jets on all scales, relative to the lobes (c.g.. Bridle 1992). 

■ Nuclear (VLBI)Jets in LDQs exhibit slower motion than those in CDQs (Hough 
etal 1993). 

■ Compared to QSRs, PRGs show a much weaker lobe depolarization asymmetry 
(Garrington & Conway 1991). 

■ Both PRGs and QSRs follow the same relationship between the FiELR ([ OIII1 line) 
luminosity and intrinsic jet power (Rawlings & Saunders 1991). 

5.2 Statistical clues arising from orientation-independent properties 

m EELRs associated with z ^ 0.5 3CR PRGs and QSRs (matched in lobe radio power) 
are comparably luminous in the [Oil |3727 line (Hes ei ai 1993). 

■ Hosts; According to the most recent study, the host galaxies of PRCis and QSRs 
sampled nearz 0.5 arc found to be statistically indistinguishable m optical luminosity 
(Veron-Cetty & Woltjer 1990). Likewise, the hosts of distant QSRs fall on the 'near-IR 
Hubble diagram’ for PRGs (Lehncrt et ul. 1992). A mid-IR comparison of the 3CR QSRs 
and PRGs with z 1 shows that the fonner are 2 3 times stronger, on average (Heckman 
et al. 1992). However, at these wavelengths the nuclear emission is opcctcd to be 
anisotropic (Pier & Krolik 1993) and, hence, the above diflcrcnce may not be intrinsic. 

■ The cluster environments around PRGs and QSRs are shown to be similar, at least 
upto z^O.6 (Hill & Lilly 1991). I urther, the galaxy Companions’ of the two seem to 
have similar luminosity functions (Smith Sl Heckman 1990). 


6. Some major recenl challenges to the FR2 unihed scheme 

I rom radio data, two potentially serious problems have been posed recently: 


6.1 The linear size ‘paradox' 

The simple orientation-based unihed scheme predicts that all those members of the 
PRG parent population would be classified as QSRs whose nuclear EC and BLR 
emission is directly visible to us, a condition fulfilled whenever the nuclear axis is 
pointed to within an angle \p from the observer’s direction, ij/ being the typical half- 
angle of the viewing cone through the torus (Barthel 1989). Thus, for a flux-limited 
sample populated by randomly oriented FR2 sources with a characteristic value of if, 
one can predict both the number ratio (.x) of PRGs and QSRs, and the radio (y ) of their 
observed median linear sizes (/). For the FR2 subset of the 3CRR sample in the redshift 
range 0.5 to 1, the i// ^ 44 inferred from the observed .v ~ 2.6, predicts a v -- 1.8 which 
agrees with the observed y™ 2.2 ±0.8 (Singal 1993a; Barthel 1989). However, such 
a consistency is not found for z < 0.5, i.e., for intrinsically weaker 3CRR sources. The 
lower value of i/^( 36 ) inferred in their case (which presents a scenario whereby LDQs 
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would become increasingly rare among intrinsically weaker radio sources) predicts a 
y ^ 2.2, which is discrepant from the observed y ~ 13 ± 0.3. This 'incompatibility'with 
the simple unified scheme has been highlighted by Singal (1993a) and Kapahi (1990). As 
a possible cause hir this, we have indicated the unrealistic basic assumption that the 
radio jets remain perfectly aligned with the torus axis, all the way out to the holrr^^^' 
(which define the radio axis). The predicted value of y would be ~ 30% lower (and, thus, 
consistent with the observations), if one allows for an average misalignment of 20 to 
30 between the torus axis and the radio axis. Such a modest misalignment is expected 
on theoretical and observational grounds, except perhaps for extremely energetic jets 
(see, Gopal-Krishna et ai 1993), 

Linear-size data for larger, albeit incomplete samples of powerful steep-spectrum radio 
sources have also been used to verify the unified scheme. As a supporting evidence, we thus 
found the upper envelopes of the \ z diagrams for PRGs and QSRs to show very similar 
slopes, after normalizing the radio sizes to a fixed radio luminosity (P), assuming identical 
I P dependences for PRGs and QSRs (Gopal-Krishna & Kulkarni 1992). This assump¬ 
tion is based on the observed similarities between their host galaxies, as well as their 
environments (section 5.2) (in case this assumption turned out to be flawed, the simple 
unified scheme would anyway lose its /ocirs standi and all tests would be superfluous). 

f urther tests of the unified scheme using still larger samples have been reported in 
two recent papers where opposite conclusions have been reached, despite an unprece¬ 
dentedly large coverage of the P r plane (Singal 1993h, Nilsson e/ ai 1993). In contrast 
to Singal (though in conformity with the unified scheme), Nilsson et ai find no evidence 
that towards lower redshifts (i’<().5) QSRs begin to appear larger in radio size, 
compared to PRGs of the same average lobe power, or that the two show dilTerent 
/ P/z relationships. The contradictory outcomes of these two studies are probably 
rooted in the diflerent sample selection procedures adopted, in particular, the emphasis 
of Nilsson et al. on preserving the morphological purity of the sample by excluding all 
sources whose existing maps do not show' a clearly resolved FR2 structure. The extent 
of subjectivity introduced by this well meaning approach is unclear. In any case, the 
crucial requirement of clubbing all BLRGs with QSRs cannot be realized for either of 
these large samples, given the limited spectroscopic inhumation available currently, 
flic situation is expected to improve with the availability of a new Molonglo sample 
(Kapahi et u/., this volume). 


6.2 / he parsec-seale diehatomy' between the blazar subclasses 

Bl Lacs are often perceived as being, almost exclusively the aligned versions of low- 
power (KRl) radio galaxies (e.g., Murphy et al. 1993; Urry et ai 1991), while their 
powcrfuranalogucs', the HPQs, are thought to be the aligned subset of the PRG parent 
population. Recent work, however, has revealed distinctly LR2-type powerful radio 
lobes in a significant fraction of BL Lacs (Kollgaard el ai 1992). Such mirinsically 
powerful Bl. Lacs arc then expected to be, together with HPQs, the closely aligned 
versions of the PRG parent population, with LDQ.s representing the cases of intermedi¬ 
ate alignment. This important, seemingly natural extension of the TR2 unified scheme 
has been challenged by two recent findings: 

■ Polarimetiic VLBl shows that whereas the magnetic field in the radio knots of even 
powerful Bl Lacs is generally perpendicular to the jet, HPQs show' no such trend 



Radio-loud Active Galactic Nuclei 


159 


(Gabuzdat^r aL 1992). 7 his has led lo the claim that BL Lacs and HPQsare intrinsically 
different types of AGN (e.g., Kollgaard et al. 1992). 

■ By comparing the predicted synchro-self-Cornplon X-ray flux with measurements, it 
is inferred that even in powerful BL Lacs, the jets have systematically lower Dopplei 
factors compared to those in HPQs (see, Ghisellini et al. 1993). 

We have recently argued that it is possible lo reconcile both these results with the 
simple unified scheme by considering a physically plausible two-component model for 
the VLBl knots which are commonly idenlilied with the planar shocks inside the 
relativisticjet flow (Gopal-Krishna & Wiita 1993). The two components are; (i) A front 
layer of freshly excited plasma of the shock-front (region A) where the magnetic held 
component perpendicular to the jet has been enhanced due lo compression, and (ii) 
a second, much larger and roughly spherical region B with slightly lower F and 
diminished ernissivity. The synchrotron plasma expands from region A backwards into 
region B and, thereby, a partial realignment of the magnetic held along the jet occurs. To 
observers located close to the jet direction, the strongly boosted region A with a higher 
r and perpendicular magnetic held configuration would appear lo dominate (simula¬ 
ting the BL Lac characteristics). To somewhat less well-alignedobscrvers, the substan¬ 
tially relaxed region B at the rear of the superluminal knot, with its lower f and hence 
a wider radiation pattern, would appear dominant (yielding the HPQ characteristics), 
f urther, according to this picture, Ghisellini ei al. (1993) would have systematically 
underestimated the Doppler factors for BL Lacs (section 6.2h) because of having 
assumed a spherical geometry for region A, which implies a much greater volume than 
the more plausible layer-like geometry. Another potential consequence of our model is 
that due lo both F and magnetic field being lower in the region B, compared lo region 
A, the synchrotron self-Compton X-ray flux would be enhanced relative to the 
softer-spectrum synchrotron X-rays. This could explain the tendency of HPQs to show 
a flatter X-ray spectrum, compared to BL Lacs (as reported by Worrall ^ Wilkes 1990). 

7. Conclusions 

To summarize, the simple orientation-dominated unified schemes for radio-loud AGN 
have been remarkably assertive of their strength in the face of the extensive, mulli- 
wavelcngth verification campaign. The still unproven obscured quasar nucleus in 
Cyg-A continues to be an irritant (Jackson & Tadhunter 1993), though some evidence 
for it exists (Djorgovski et al. 1991). It is conceivable that physically meaningful 
refinements to these simple schemes will be mandated by increasingly subtle tests in 
future, not to mention the possibility of some major holes in the currently popular 
AGN paradigm itself (e.g., Kinney 1992; Fernandes & Terlevich 1993; Binette et al. 
1993). Nonetheless, the mounting evidence that the diversity of AGN has been grossly 
exaggerated in the past constitutes a healthy prognosis for the future. 
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Neutral Hydrogen 21 cm Quasar Absorption Line Systems 
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Abstract. Studies of redshifted neutral hydrogen 21cm absorption to¬ 
wards radio loud quasars arc reviewed. 

Key words: Quasars absorption lines neutral Hydrogen. 


1. Introduction 

Observations of redshifted 21 cm absorption towards quasars and AGN has contributed 
m a unique w'ay to our understanding of many astrophysical questions, meluding: the 
lormation and evolution ofgalaxics, the physical conditions in dilTusc gas in nearby and 
distant galaxies, and the origin of heavy eicinent quasar absLuptiiui line systems m 
general. Vhe most recent review of thi.s topic was by Briggs (19.SM|. This review will 
follow along the lines of that by Bnggs, willi an emphasis on results since 19HK. 

The 2 I cm absorbers are at the high end ol the column density distribution function 
for quasar abse»rption line systems, vvilli typical values of; N(HI) ? few x 10'''cm ' 
(Tyller 19S7; l an/etta et ol. 199 1) boi comparison the Ly j forest lines correspond to: 
NdU) 10' ’ ‘ cm ", and die Mgll and I,y limit systems correspond to' 
N(H1)>1()' cm Values of N(H1| >fevN x l()‘"cm are also indicative of the 
damped Ly y absorbers, and of absorption by h*vv ioni/ation slates ofcosmically less 
abundant ions, such as ( all and Nal. These higli column density absorbers are 
relatively rare: there is roughly one absorption system between 10'^' "" cm ^ for every 
.500systems between 10'^ ‘‘^cm " (Tytler I9'<7). 

.Although rare, the 21 cm absorbers provide a number of unique tools for studying 
quasar absorption lines. I irst, radio observations typically are made with velf^cily 
resolutions of order 1 km sec or two orders of magnitude higher tlian most optical 
spectroscopic studies. Hence, 21cm observations allow' for a study of the detailed 
kinematics of the absorbing clouds. Second, radio interferometry allows for resolutions 
ranging from arcseconds down to milliarcseconds. Goupicd w ith the fact that the back¬ 
ground radio sources typically have structure from pc to kpc scales, 21 cm observations 
then provide the best opportunity for studying the spatial structure of the absorbing 
clouds. Lastly, comparison of column densities derived using 21 cm observatitms with 
those derived from other means provides an estimate (d'the spin temperature, I\ of the 
gas (cf. Dickey & l.ockman 1990). 1 or most astrophysical cncurnstances is a good 
estimate of the gas kinetic temperature (Field 1959a), altluHigh the possibility of 
departures of from the kinetic temperature have been discussed for regions of very 
low' density (Licld 1959b) and for regioi.s of intense radiation (Wolfe el ol. 19K2). 

Neutral hydrogen 21 cm absorption through the optical disks of ticarhy spiral 
galaxies (i.e. r v t). 15) has been studied extensively 1 his includes study of gas in our 
own galaxy (cf. Dickey & Lockman 1990), study of associated absorption towards low 
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z AGN (e.g. van Gorkom et al. 1989; Dickey 1986; Schmclz et al. 1986), and study of 
disk gas in a few nearby spiral galaxies using background radio sources (e.g. Dickey 
et al. 1992; Braun & Waltcrbos 1992). Likewise 21 cm emission searches towards low 
2 Ly ot forest systems (van Gorkom et al. 1993), intermediate z Mgll systems (Yanny et 
al. 1993), and at very high redshifts (Wieringa et al. 1992; Uson et al. 1991) are in 
progress. A complete review of all these studies is beyond the scope of this paper. Herein 
we concentrate on absorption by the higher z systems (z 0 25), and by intervening low 
z systems in which the absorbing gas is well outside the optical disk of the parent galaxy. 

Table 1 is an updated version of the list of 21 cm quasar absorption lines listed in 
Briggs (1988). Multiple systems arc listed as N x Ar, where N is the multiplicity, Ai’ is 
the typical width of the components. The total velocity spread is listed parenthetically. 
The reference numbers arc listed at the end of the paper, and systems previously listed 
in Briggs (1988) are referenced as such. The highest z system (towards 0902 f 343) is an 
absorbing cloud associated with a radio galaxy, and hence is not really in line with this 
review. However, it is an object of current interest and hence has been included in the 
list along with appropriate references. 

I here are a number ol methods which have been used to select targets for 21 cm 
absorption searches. A standard approach is to target known optical heavy element 
systems. The ground-based ‘optical window' then implies the selection ol ( all systems 
al low z (0 < z < 1.3), Mgll systems at intermediate z (0.4 z <; 2.2), and damped Ly 
a systems at high z(z 2). The ‘detection efliciency' of 21 cm absorption for systems 
selected using the different ion species is clearly going to be different; only ^ 10" o ofthe 
Mgll systems show 21 cm absorption when searched to optical depths of a few' percent 
(Briggs & Wolfe 1983), while for damped Ly a systems with columns 10'’ cm ' the 
elliciency is 100% (Briggs 1988). The C/all systems show a similarly high detection 
efficiency, although the availability of sensaive receivers m the lower z range makes for 
somewhat deeper searches towards the ( all systems (C'arilli & van Gorkom 1992). 
Other methods include; blind searches in redshifl (Brown Fisher 1993), observing 
quasar-galaxy pairs (Boisse et al. 1988; Womble 1992; Corbelli & Schneider 1990), and 
observing red gravitational lenses (sec below). 


2. On the parent objects 

7'hc low z (C all) systems are important since they provide the most direct means of 
studying the parent galaxy with which the absorbing clouds arc associated, and the 
relationship between the ck)uds and the galaxies. I hesc low z systems had often been 
used as examples of absorption by gas clouds in the ‘halos' of spiral galaxies (cf. 
Boksenberg Sc Sargent 1978). Subsequent deep imaging in the optical and in HI 21 cm 
emission have shown that the parent galaxies of the low z 21 cm absorption line systems 
are giavitalionally disturbed galaxies, and that the extended gas seen in absorption 
towards the quasars results directly from these tidal disturbances (Carilli Sc van 
Gorkom 1992; Sargent Sc Stcidel 1990). In retrospect this conclusion is not .surprising 
since these systems were selected for having cool gas well outside the optical parent 
galaxies (as seen in absorption). Observations of the HI emission from nearby spiral 
galaxies sln»w' that the neutral hydrogen extent in galaxies is a strong function of 
environment; galaxies in mergers, pairs, or small groups typically have large cross 
sections, while isolated spirals and galaxies in dense clusters have small HI sizes. The 
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general poinl can be made that quasar absorption line systems provide a cross-section 
weighted view of objects in the universe, and for the nearby universe, the galaxies of 
largest cross section are gravitationally interacting systems. 

The intermediate z (Mgll) systems are distant enough that direct study of the parent 
galaxies is dilficull. The 'classic’ paper which attempted to interpret the 21 cm systems 
in the general context of the MgJl systems was by Briggs & Wolfe (1983). They 
hypothesized a 'two-phase' model for absorption by spiral galaxies; a cold, quiescent 
disk of dimension similar to the optical disk, embedded in a warm, turbulent halo with 
a radius a few times that of the optical disk. Lines-of-sight through just the halo give rise 
to Mgll absorption, while those through the disk and the halo give rise to both Mgll 
and 21 cm absorption. This model explains in a neat way both the relative statistics of 
Mgll and 21 cm absorption (see above), and the diflferent velocity structures; the 21 cm 
lines arc typically narrow ( 40 km sec *), while the large equivalent widths observed 

for the saturated Mgll lines imply multiple components typically spread over 
> 1(K) km sec \ Follow-up optical imaging and spectroscopy of the parent objects of 
these systems has basically been consistent w'ith this simple picture (Bergeron Sc Boisse 
1991), However room remains for a contribution to the statistics by clusters of gas rich, 
star forming dwarf galaxies (Yanny et al 1990), and the lack of such extended halos of 
absorbing cUnids around nearby galaxies, including our own, requires that there must 
be significant evolution in the nature of galaxy halos from intermediate to low' 
z (Bergeron Sc Boissc 1991). Also, parallel studies have shown that not all galaxies at 
intermediate redshifls have such halos of absorbing clouds, and hence that the statistics 
may be dilTerent than originally proposed (Bcchtold Sc Fllingson 1992) 

The highest r systems (damped Ly y) probe physical conditions when the universe 
was less than 1 '5 its present age. Hence, dramatic evolutionary effects may be invoked. 
Wolfe (1988) has proposed that the damped I ya systems arise in gas in ‘proto-disk 
galaxies', with radii roughly a factor of two larger than present day spirals, which 
eventually evolve into the spiral galaxies seen today. This conclusion is based on 
a number of facts. First, the ctilumn densities implied arc comparable to lincs-of-sight 
through the disks of spiral galaxies. Second, the statistics require absorbers larger than 
present day spirals. And third, the implied cosmic mass density in the damped Ly a 
systems at r > 2 is compxirable to that in luminous matter in the disks of present day 
spirals; Q ^().0014h ^ (l.an/.etta ct al. 1991). To date, the only direct supporting 
evidence for the proto-disk hypothesis is a VLBl observation of redshiflcd 21 cm 
absorption associated with the damped l.y a svstem at z ~ 2.038 towards 0458 020 by 
Briggs c( al. (1989). Using the Arecibo-to-Cireenbank interferometer, Briggs el t//. (1989) 
were able to set a lower limit to the size of the absorbing cloud of ^ 8 h ’ kpc, based on 
the similarity of the single dish and interferometric absorption profiles towards this 
extended radio source. This fact, coupled with the narrow line widths, implies that the 
cloud cannot support itself as a spherical, virialized system. They hypothesize a flat¬ 
tened, rotating gas distribution, i.e. a ‘proto-disk’. This fundamental conclusion is 
based on a single visibility, and hence is inherently ambiguous. More complete VLBI 
imaging in the redshiflcd 21 cm line of this and other such systems is in order. 


3. Physical conditions 

The equations for converting observed line parameters such as FWHM (Av in 
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km sec ), peak optical depth (t). rest frame equivalent width (t W in Angstroms), or 
surface brightne.ss (/ in Jy arcsecond ■'), to HI column density (A(HI) in cm for 
various observing techniques arc: 

21cm absorption; .V(HI)= 1.8 x 10’^ ^vtAi’ 

21 cm emission; N(HT) 1.3 x lO^'^/Ar 
damped Ly a absorption N(H\)=^ 1.9 x 10'”HW' 
normal Lya absorption; A'(HI) = 7.6 x lO'^iAr. 

The 7], dependence Tor A/(HI) derived from 21 cm absorption comes from a signifi¬ 
cant contribution by stimulated emission. Hence, a comparison of /V(H1) derived 
from 21 cm absorption with that derived using other methods yields an estimate of 
T^. Of course, if there are multiple temperature phases in the absorbing gas then 
tlie derived values of 1 ]. is strictly an upper limit to the temperature m the coldest 
phase. 1 emperatures for some of the low c systems have been derived bv comparing 
21 cm absorption with 21 cm emission, and the values are given m table I. Tempera¬ 
tures for the damped Ly a systems have been derived from comparison of 21 cm 
absorption with damped Ly a absorptiim, and these are also given in table 1. Note 
that three of the low r systems (0959 4 683, 3C’275.1 and 3(7252) have lines that 
are narrow enough to set physically interesting upper limits to 7^ by assuming 
a thermal origin for the line width; 7’^ • 22 x (Ar)“ K. The broader lines in most 
systems are likely a blending of narrow' components. Lastly, Corbelli & Schneider 
(1990) end Stocke et al. (1991) have used observations of 21 cm emission and absorp¬ 
tion, or the lack thereof, in quasar-galaxy pairs to set an upper limit to the soft X-ray 
background. 

While the explicit dependence of iV(HI) on makes 21 cm absorption of limited use 
for determining abundances or dust-to-gas ratios, we briefly consider these quantities 
in the 21 cm absorbing clouds as derived using other probes. For the low c systems 
Womble(1992) has made an empirical comparison of the observed LW of the ("all lines 
with N(H1) derived from emission studies. She finds that ("all depletion onto dust 
grains is typically lower by an order of magnitude or more compared to normal 
Galactic disk gas, as has been seen for some Galactic high velocity clouds. For the 
damped Ly a systems various optical spectroscopic techniques have been used to 
determine the abundances and dust-to-gas ratios (cf. Meyer & Roth 1990; Pci vt al. 
1991). Abundances of about 10% solar, and dust-to-gas ratios of about 10% ISM are 
typical, suggesting chemically young galaxies al high z. Pei et al. (1991) also conclude 
from the lack of a 2175 Angstrom extinction bump' that the dust properties at z > 2 
must differ considerably from Galactic. Lastly, F'ollz ei al. (1988) have a tentative 
detection of H 2 molecular absorption associated with the damped Ly a absorber at 
z = 2.80 towards 0528 250. They find a ratio of molecular to atomic hydrogen of 

^ 10 L 

Detection of high z 21 cm absorption has been limited almost exclusively to selecting 
for previously known damped Ly a absorption. Implicit in this is that the quasar be 
fairly bright in the optical. Heisler & Ostriker (1988) suggest that dust obscuration may 
have a rapid onset with z;r y (1 4 z)^ \ and hence that there may be a population of 
quasars beyond z ^ 3 which are effectively obscured in the optical. Twai consequences 
of this idea are that the low' dust-to-gas ratios in the known systems may simply be 
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a selection efleci, and that the damped Ly a surveys may miss the highest column 
density systems. A search for redshiftcd HI 21 cm absorption towards flat spectrum 
radio sources with very faint, or absent, optical coiinterparls would shed light on this 
interesting question. 

The general question of reddening in quasar absorption lines systems, and the 
possibility of a population of optically obscured quasars, leads to the final topic of this 
review: red gravitational lenses. We have begun a search of HI 21 cm absorption 
towards red gravitational lenses (cf. McMohan et al. 1993). These arc sources which 
have radio morphologies, and other properties, consistent with their being gravita¬ 
tionally lensed, but for which cither no, or a very red, optical counterpart has been 
detected. One idea to explain such sources is that the optical quasar is obscured by dust 
in (he lens (Stocke ct ciL 1992). A test of this idea is to search for HI 21 cm absorption, to 
verify the existence of cold gas on the line-of-sight to the background source. 7 hus far 
two such sources have shown strong 21 cm absorption (0218 T 357 and 1413 + 135). 
These detections demonstrate a new technique for determining lens redshifts in 
otherwise difficult circumstances. Further, the potential exists for imaging the HI 
distribution in the lens in absorption towards the extended background radio source, 
and hence for 'mapping' the gravitational potential of the lens in a way independent of 
lens models, thereby providing a fundamental test of gravitational lens theory. 


4. The future 

Observing redshifted 21 cm absorption and emission is ditficull work for these reasons. 
First, the limited total bandwidlhs available with existing spectrometers makes 
searches laborious. Second, the interference environment outside the protected radio 
bands becomes worse every year, And third is the general lack of available receivers in 
these frequency ranges at most large telescopes. Fortunately, the future looks very 
bright. Instrumentation and techniques arc being developed for dealing with transient 
interference (I isher 1991). Wide-band, many channel spectrometers are being built. 
And a number of large telescopes with state-of-the-art, frequency agile feeds and 
receivers arc being constructed (the CiMR and the CiBT), or signiticarUly up-graded 
(Arecibo and the WSR 1). 
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Accretion Disks in Quasars and Active Galactic Nuclei 

Pranab Ghosh Tata institute of Fundamental Research, Bomhuy 4{)0(H)5, India 

Abstract. I review the observational evidence for accretion disks in QSOs 
and AGNs. Spectral evidence, such as the blue/lJV bump, reprocessed line 
emission, and X-ray reflection signature, are discussed. Evidence corning 
from short- and long-term variability is evaluated, as is that obtained from 
reverberation mapping techniques. I summarize the statistical studies, and 
describe the recent HST observations of the outer parts of a possible 
accretion disk in NGC 4261. Finally, 1 tabulate the characterisLics of 
accretion disks in QSOs and AGNs inferred from these considerations. 

Key words: Quasars active galaxies accretion disks black holes. 


1. Introduction 

It is now generally believed (see, c.g., Blandford &. Rees 1992 and the references therein) 
that black holes with masses - 10^ 10"^ M,, fed by accretion disks arc the central 
powerhouses of quasars and active galactic nuclei (AGNs). /\n essential component of 
this 'standard' model is the accretion disk, thin or thick, cold or hot, gas- or 
radiation-pressure dominated, and with its source of opacity in different parts provided 
by electron scattering, free-free or free-bound absorption, or by molecules or grains. 
The disk extends from an inner radius which cannot be any smaller than that of the last 
stable orbit around the black hole ( ^ for a Schwarzschild black hole, in units of 
R,, = 2GM/c^, the gravitational radius), to an outer radius which is not estimated very 
well, but IS currently thought to be lO'* where the self-gravilation of the disk first 
begins to drive it unstable. A schematic view of a possible configuration of the accretion 
disk and the emission regions in shown (Collin-Souflrin 1992) in f ig. 1 lor illustrative 
purposes; other configurations have also been proposed (see Perry, these proceedings, 
and references therein). 

In this review, I concentrate on the observational evidence for the existence of 
accretion disks in quasars and AGNs. The lines of evidence come from la) the spectral 
properties, (b) the lime variability, (c) the statistical properties, and, (d) direct observa¬ 
tions with high spatial resolution, e.g., with the Hubble Space Telescope (sec ij 5). in {^2, 
i discuss the evidence gathered from various aspects of the optical, U V and IR emission 
properties of quasars and .4GNs, including their continuum, line emission, and 
polarization characteristics, as well as that obtained from the recent X-ray studies of 
AGNs. In ij 2,1 present the evidence provided by studies of the lime variability of AGNs 
on both short and long timescales. Section 4 deals with evidence coming from statistical 
studies of AGN samples, while ii5 describes the recent, pioneering observation of the 
outer parts of the accretion disk in NGC^ 4261. The basic characteristics of accretion 
disks in quasars and AGNs, as inferred from these observed properties, are summarised 
in t} 6. 
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Figure I. A possible accrelion disk configuration in AGNs, sliowing the hoi inner parts, cool 
outer parts, and cold, gravitationally unstable, outermost parts. Also indicated are the length 
scales and emission characteristics of the different parts. (After Collin-SoulTrin (1992)). 


2. Spectral properties 

2.1 Thv bifj blue bump 

A schematic broadband spectrum of AGNs is shown in Fig. 2. The emitted power is 
roughly constant over many decades of frequency, except for a broad peak covering 
the blue/UV range, the so-called ‘big blue bump’. This bump is usually interpreted 
as thermal emission from the accretion disk (Shields 1978; Malkan & Sargent 1982; 
Sun & Malkan 1989 and the references therein), although alternative models have 
also been proposed (Guilbert & Rees 1988; Barvainis 1993). The general argument 
(Collin-SoulTrin 1992) in favour of the accrelion disk model is that it produces in 
a natural way the ^ lO** K optically-thick gas required for emitting the UV bump, with 
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Figure 2. Schematic: representation of the broadband continuum spectra of QSOs and AGNs. 
showing the bluc/UV bump. (After Nandra (1^911). 


the column-densities compatible with the small or nonexistent Lyman edges implied by 
observation (Antonucci et al. 1989). 

Extensive fitting of the blue bump with continuum emission spectra of thin 
accretion disks (Shakura & Sunyaev 197.^) has been carried out by Malkan and 
his associates (Malkan 1983; Sun & Malkan 1987, 1989), taking into account the 
effects of relativity (including those of gravitational focusing, Doppler boosting 
and gravitational redshift), inclination angle, and detailed opacities (Laor & Netzer 
1989), These fits have yielded masses for the central black hole in the range 
and accretion rates in the range Af-OOl 40Af, yr \ the 
inferred masses being smaller and the accretion rales higher for the Schwar/schild 
metric than for the Kerr metric. 

2.2 Reprocessed radiation from the accretion disk 

The emission lines from QSOs & AGNs can be divided into two categories, 'High 
Ionization Lines’ (HIL), eg., Lof, C IV, Si IV,... and 'Low Ionization Lines’ (Lll.), 

e.g. Balmcr lines, Fe II, Mg II.The LIL are emitted by extended, weakly ionized 

regions which are thought to be ionized by hard X-ray continuum. The high total 
luminosity of the LIL, and so the large amount of power necessary to excile them 
(compared to the HIL), constitute one of the most convincing arguments (LJlrich 
1989) for the LIL being produced by reprocessing of hard X-rays intercepted by 
the accretion disk. The X-rays, coming from a central region of size < \0Rt,. say, 
can illuminate the disk (a) directly, at small radii, (b) due to Haring’ of the disk, at 
large radii, and (c) due to back-scattering by a hot corona surrounding the disk. 
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Detailed calculations of repiocessing by CoIlin-SoufTrin and her associates (Collin- 
SoulTrin & Dumont 1990; Dun* mt & Collin-SoufTrin 1990a, b; Collin-Souffrin 1991) 
have shown that a large variety of line profiles, including double-peaked ones, can 
be produced, depending on the outer radius of the disk and the viewing angle. Most 
of the reprocessing is thought to occur in the region \{)^< R <The 
reprocessing model provides ^ natural explanation of the large line widths ( -- Kepler- 
ian velocity in the disk), as also for the large column densities and coverage factors 
required lor the ITL emitting regions (Collin-SoulTrin 1992). 


2-3 Douhle-pcakcd emission lines 

Broad, double-peaked H-r lines are seen in many radio-loud AGNs, and are 
obvious candidates for double-peaked emission lines characteristic of rotating 
material. F ollowing the classic case of Arp 102B which was fitted to simple rela¬ 
tivistic Keplerian disk models (Chen, Halpern & Filippenko 1989), about a dozen 
such disk-fitted profiles are known now (Eraclcous & Halpern 1993), and one 
example is showed in F ig, 3. 


2.4 Lyman edges 

The drastic increase in opacity shortward of 91 2 A (in the rest frame of the AGN) should 
produce a Lyman edge at the appropriately redshifted frequency, but only partial edges 
arc expected. Further, any narrow absorption line accompanying the edge indicates 
that it could not have originated in a disk (Kinney 1992). From the study by Antimucci 
et al. (1989) of high-redshift quasars, and that by Koralkar et al, (1992) of low- to 
medium-redshift quasars, the conclusion is that only ^ 15% of the objects show the 
expected signature of accretion disks. 

2.5 Polarization 

Thin accretion disks are expected to emit most of the polarized radiation in the far U V, 
and detailed calculations including relativistic effects (Laor et al. 1990) suggest the 
following picture. A broad polarization feature near the Lyman edge, and a rise in the 
degree of polarization towards shorter wavelengths. Observations (Antonucci 1992) do 
not however, show this. Significant polarization is absent for some objects, and the 
percentage polarization does not show the expected frequency dependence in those 
objects for which detection is significant. 

2.6 X-ray signatures 

Recent X-ray observations (Nandra 1991) of AGNs have shown that the 2 30KeV 
spectra have the following features: (a) a power-law behaviour with a photon index 
--0-7, together with (b) a hard tail above ~ lOKeV, and (c) Fe fluorescence line at 
6-4 KeV. These features have been successfully interpreted as due to reflection of an 
intrinsic power-law spectrum from a slab of cold material, which naturally produces 
fluorescence lines and Comptonization tails, as shown in Fig. 4 (Lightman & White 
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Figure 3. An cxiiniple of broad, double-peaked Hx profiles, filled by Ihe relalivislic Keplenan 
disk model. The lower panel shows (he residual speeli um (narrow lines) obtained by subtracting 
(he model profile from ihe observed one. (Afler Fracleous & Halpern (l^^93)). 


1988; Fabian et al. 1989; George & Fabian 1991; Malt cf al. 1991), The rellecting slab is 
identified with the accretion disk. 


3. Time variability 

Optical, U V, X-ray and y-ray (luxes from QSOs and ACjNs show variability on a wide 
range of timescales, which can be roughly classified as light travel timescale (/ < l()\s.), 
and the dynamical (l()\s. < r < l()\s.), thermal (lO'^s. < / < 10' s ), and viscous 
{( > 10^ s.) timescales of accretion disks (Abramowicz 1991). Studies of these variabili¬ 
ties can be used to constrain the viscosity parameter it of AGN accretion disks 
(Siemiginowska & Czerny 1989). 
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Figure 4. Monte Curio simulations of the spectra of X-rays reflected from cold plasma slabs. 
Shown are; (a) the incident power-law spectrum of index 0 7 (dashed line), (b) the reflected 
spectrum (lower solid line), showing 6 4 KeV Fe X, and other fluorescence lines, and a continuum 
which is much flatter than the incident one, and, (c) the composite spectrum (upper solid line) 
which .shows these lines and a ‘hard tail’ above 10 KeV, as observed. (After Nandra (1991)). 


3.1 Short-term variahiiity 

On dynamical timescales, the power spectrum of AGN variability is featureless, and 
can be approximated by a power law of index between — I and — 2(Abramowicz 1991). 
The only exception, i.e., the claimed periodicity of NCjC 6814 at ~ 1'2 x 10*^8, has 
recently been shown to be due to an unrelated stellar source, possibly a cataclysmic 
binary system, in the same field of view (Madejski ct al. 1993). This power spectrum has 
been explained in terms of the emission from a distribution of relativistically rotating 
‘spot.s’ or inhomogeneitics on the surface of the accretion disk (Abramowicz et al. 1991). 

3.2 Long-term variahiiity 

Power spectra at smaller frequencies is poorly determined al present, but also 
consistent with a featureless power-law, and possibly with a roll-over at low frequencies 
(Abramowicz 1991). A basic mechanism for variability on these timescales could be the 
limit-cycle oscillations of accretion disks (Abramowicz et al. 1988, 1989; Honma et al. 
1991a, b). The effects of advective cooling, horizontal pressure gradient, and deviation 
from Keplerian flow arc very important near the sonic point which occurs in the 
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innermost parts of the accretion disk. Addition of these to the standard thin-disk theory 
(Shakura & Sunyaev 1973) results in ‘slim' disk models, which have a three-branched 
S-shaped characteristic curve, the middle branch being unstable. Thus the disk can 
undergo oscillations on the thermal timescale between the (stable) uppermost and 
lowermost branches. 


3.3 Reverberation mappincj 

Using the observed time-variability of reprocessing emission lines (He II, C 1V, O 1, ..) 
against the known time-variation of the ionizing continuum flux to extract information 
about the structure of the reprocessing region is a powerful technique in principle 
(Blandford & McKee 1982), but limited in practice by poor-quality data. Recent 
application of maximum-entropy deconvolution methods (Krolik ct ai 1991) to the 
UV data on NGC 5548 has shown how interesting and useful information can still be 
obtained by this technique. So far, the main robust result has been that the size of the 
reprocessing region is ~ 15 30 light-days. Whereas this is obviously consistent with 
the sizes implied by the disk models outlined in t}2, more work is required to establish 
the shape of the region. 


4. Statistical evidence 

Eixamples of this line of evidence are the colour-magnitude study of Caditz (1993) and 
the study of the correlation between line/continuum ratio and inclination angle by 
Netzer et ai (1992). In the former study, it is shown that a sample of -- 2(K) QSOs and 
AGNs over a limited range of redshifts occupy a well-defined region in the (U B) 
colour vs B-magnitude diagram. The low'cr boundary ol the region corresponds to 
accretion at the critical Fddmgton rate, and the upper boundary, to a maximum 
black hole mass M . Contours of constant M and M obtained from 

accretion disk models (see §2) map out the region well (Caditz 1993). 


5. Direct observation 

Pioneering work with the Planetary Camera on the Hubble Space Telescope has 
yielded what may be the first direct image of the very outer parts of the accretion disk in 
NGC 4261 (JafTe et al. 1993|. Note, however, that the size of the observed disk-like 
object is ~ lO^^cm., i.c., lO'R^^ for a - 10” M, , black hole. By contrast, the sizes of 
the accretion disks discussed above are < 10‘'Kf,, i.e. within the unresolved point-like 
nucleus in the HST image. Thus the observed disk is likely to be the mass-supply disk 
lying outside the accretion disk (sec Fig. 1), in which self-gravitational instabilities 
break up the disk at first into clouds and then into gaseous bars (Begelman et ai 1989). 


6. Conclusions 

In Table 1, 1 summarize the information on the basic characteristics, c.g. black hole 
mass, accretion rate, size, viscosity, of AGN accretion disks obtained from considera- 
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Table 1. Inferred characteristics of AGN accretion disks. 


Characteristic 

Inferred values 

Method(s) involved 

Mass of central black 
hole (M) 

10" < M/M. , < 10“ ' 

a) Disk model fils to big blue bump 

b) Statistical study in colour-magnitude 
diagram. 

Mass accretion rale (M) 

10 ' < MlM,,yr ')< 10 

Disk model fits to big blue bump 

Size of reprocc.ssed line 
emis.sion region {R) 

10- < < 10“6Mh < 

/J, lighi-day.'i S 60M„ 

a) Detailed modelling of reprocessed 
line emission. 

b) Relativistic disk modelling of double- 
peaked Hot lines. 

c) Reverberation mapping. 

Viscosity parameter (Of) 

Here, M„3r M/(10"M .1 

10 ’<3(<10 ' 

Disk modelling of variability timescales. 


tions described in the earlier sections. Although accretion disk models for QSOs and 
AGNs continue to be very popular, they are not without their problems. I uture work 
will undoubtedly focus on the resolution of these, perhaps through the recognition of 
essential components of the model m addition to accretion disks. 
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Halo Model for Low and Intermediate Redshift, Heavy Element, 
Quasar Absorption Lines 

P. Khare & R. Snanand Department of Physus, Ulkal Univerxit), Bhubaneswar 751 004, 
India 


Abstract. A model for galactic halos is shown to explain several observed 
properties of the heavy element absorption lines in the spectra of quasars. 

Key words: Quasars: heavy element absorption lines- galactic halos. 


Galactic halos, responsible for producing QSO absorption lines, arc assumed to have 
radii 50kpc and contain identical, randomly moving clouds which are responsible 
for producing multiple components of the metal lines observed in the high resolution 
observations. The number of clouds per unit volume is assumed to be distributed in I he 
halo as. 


n,(r) 



~ 6 kpc. 


( 1 ) 


The metal abundance in the clouds is assumed to depend on the cloud distance from 
the galactic centre as. 


X(r) - X(0)e h - 0.09 kpc h (2) 

Pholoionization models are constructed for the clouds. Cloud sizes (N -- 10^^^ - 
lO^'cm for ionization parameter, l\ between 0,01 0.001 and A'(n)“0.l 0,5) are 
chosen so as to give the Mg 11 column density in the central cloud as lO^^cm The 
abundance gradient gives the column density in the clouds near the edge -- 10^ ^ cm 
The range of Mg II column densities is consistent with the observed range (Petitjean 
8l Bergeron 1990). Equivalent width for MgII lines is calculated for line of sight 
through individual clouds and then added to give the equivalent width due to all clouds 
along lines of sight, W{F), with given impact parameter P. 

1 he value of at z ^0.5, being the cross section of individual clouds), is 

chosen so as to give best fit for the observed (Bergeron & Boisse 1991) values of W(f^) 
for different P values at these redshifts as shown in Fig. 1. The equivalent width 
distribution of Mg II lines, given by the model is shown to be well represented by 
a power law with slope between - 1-6 and - 1'9 which agrees well with the observed 
value of 1‘65 (Steidel & Sargent 1992). The column den.sity distribution of neutral 
hydrogen is shown to roughly agree with the observed distribution, which is not very 
well known in the range of interest (10'” —2 x 10'"^ cm ‘ ). The distribution of 
individual clouds with different Mg II column densities is also well explained by the 
model. 
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Impact parameter (kpc) 

Figure 1. Observed rcstframe equivalent widlhs of Mgll vs impact parameter and the model 
best fit. 



log (N„ , r'lil 0 


Figure 2, Observed neutral hydrogen column density distribution compared with the predic¬ 
tions of models w ith a range of input parameters. 
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This model is then extended to higher redshifts, 2 =- 12. More information is 
available at these redshifts as both C IV and MgII are observable. The range of 
parameters F and A'(0) used above is shown to reproduce (i) Eiquivalenl width 
distribution of C IV and Mg II, (ii) Doublet ratio of C IV and Mg II as a function of IT, 
(hi) Equivalent width ratios of several lines, (iv) Neutral hydrogen column density 
distribution for 10^^’- 10^^cm ^ (shown in Fig. 2). Depending on the impact 
parameter the models reproduce, damped Lyman alpha systems, Lyman limit systems 
with and without accompanying C IV lines. Lyman limit systems without metal lines 
and systems with neutral hydrogen column density below that of the LLS. 

The cloud sizes vary from 0 3 3 0 kpc and have a volume filling factor of ~ 0 02 0’2. 
The total number of clouds in the halo is between 7(X) 70,0(X) giving it a total mass of 

10 '^' 10 '' Mq. 
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Aspect Dependent Optical Continuum Emission in Radio Quasars 
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2006, Australia 

V. K. Kapahi & C. R. Subrahmanya National Centre for Radio Astrophysics, I IFR, 
Pune 411 007, India 

Abstract. We have defined a new, complete, low-frequency selected 
sample of southern radio quasars, the Molonglo Quasar Sample, with the 
aim of studying the aspect dependence of the radio and optical emission. As 
a test for enhancement of the optical continuum, we find that the narrow [O 
II] and [(3 III] emission line equivalent widths decrease systematically with 
radio core dominance. This effect is consistent with the optical continuum 
being rclativistically boosted at angles close to Ihe line of sight. However, 
such an interpretation seems to be in conflict with the aspect independent 
behaviour of the broad lines, most notably H/f. 

Keywords: Quasars: emission lines optical spectroscopy radio sources 
active galaxies. 


1. Introduction 


Statistical studies have suggested I hat radio core-dominated quasars arc on average 
over one magnitude brighter in the optical than their lobe dominated counterparts 
(Browne & Wright 1985; Kapahi & Sha.stri 1987; Wills el al. 1992). Since radio core 
dominance is believed to arise from Doppler boosting of a forward-directed relativistic 
jet seen at small angles to the line of sight, such a difference in optical magnitudes can be 
understood if the optical contiinuim also depends on viewing angle and is enhanced 
along with the radio core emission. If so, then virtually all existing QvSO samples will 
contain a significant orientation bias. We have atternpled to minimi/e this bias by 
selecting a new sample at low radio frequency, where the flux density is dominated by 
Ihe unbeamed extended emission, and by ensuring that optical idciuifications are 
complete down to the limit of deep sky survey Schmidt plates. 


2. The Molonglo Quasar Sample (MQS) 

Initially, — 7(X) sources with > 0 95 Jy, in a 10 declination strip ( 30 < <r 

20 ) and in the RA ranges 20^-06^' and 09*' 14^, were selected from the 408 MH/ 
Molonglo Reference Catalogue (Large et cil. 1981). The sources were mapped at 
843 MHz with the Molonglo Observatory Synthesis Telescope in snapshot mode, and 
optical identifications of stellar counterparts were made from the UK Schmidt IllaJ 
plates, complete down to the limiting magnitude B, - 22 5. Follow-up radio imaging 
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has been undertaken at the VLA at 5 GHz for all the QSO candidates. Optical 
spectroscopy at the Anglo-Australian Telescope has provided us with redshifts 
(0 1 < 2 < 2 9), continuum slopes and emission line data. 


3. The equivalent width test 

A widely used lest for the enhancement of the optical continuum has been the 
comparison of narrow emission line equivalent width, with radio core dominance 
parameter, R (Wills & Browne 1986); R is usually defined as the ratio of core to 
extended flux density at a given emitted frequency (we use 10 GHz). If the optical 
continuum is brighter in quasars viewed al small angles to their radio jet axis then, for 
an isotropically emitted line, Wj^ will decrease with increasing R. This has been 
observed by Browne & Murphy (1987) for a collection of X-ray selected quasars using 
the narrow [O III] 25007 line. The same effect is observed with the MQS (Baker et ai 
1993). However, Jackson & Browne (1990) presented evidence, from a comparison of 
[O III] luminosities for a matched set of radio galaxies and quasars, that the [O III] 
line is significantly stronger in the quasars and may not be emitted isotropically. 

Recent studies suggest that, unlike [O III], the distribution of [O II] 23727 luminosity 
is the same for both radio galaxies and quasars (Bremer et al. 1992; Hes et al 1993), 
consistent with the quasar-radio galaxy unification picture (Barthel 1989). This sug¬ 
gests that [O II] might be emitted more isotropically than [O Ill] and, therefore, be 
a better line to use as a benchmark. 

Our preliminary plot of II] against R is shown in Fig. 1(a). A strong decrease 
in kF; with R is evident, spanning four orders of magnitude, and is remarkably 


a) b) 




Figure 1. Preliminary plots of versus R for (a) [O III] 23727 showing a strong anticorrela¬ 
tion consistent with the 7 = 5 Doppler boosted continuum model shown (Browne & Murphy 
1987), and (b) 24861 showing to be independent of R. 
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consistent with a simple relativistically beamed continuum model (Browne & 
Murphy 1987). Such a strong anticorrelation cannot be attributed solely to a decrease 
in [O II] line luminosity, which has a range of only one order of magnitude, 
comparable with the scatter. We therefore believe that the trend is most readily 
explained by a progressive enhancement of the optical continuum emission with 
increasing R. 


4. Broad line equivalent widths 

In contrast to the narrow line results, we observe little or no anticorrelation between 
W;^ and R for the broad lines C IV and C III]. Perhaps Mg H shows a weak anti- 
correlation, although the scatter is large. The lack of a strong trend for the broad lines 
can be understood in terms of partial obscuration of the BLR, leading to anisotropy in 
the line emission. 

The result for H/y is intriguing (Fig. ib), the equivalent width being independent of 
R over the range R = 001 10, with very little dispersion. The narrow range in 
equivalent width can be interpreted alternatively as a direct proportionality between 
the Hfi line and continuum luminosity, a correlation which appears to hold for all kinds 
of AGN except BL Lac objects (Yee 1980; Miller et al. 1992). The tightness of this 
correlation (and its wide applicability) suggests that it is telling us something funda¬ 
mental about the emission mechanism. 

Hfi itself cannot be relativistically beamed, because it is not observed to be blue- 
shifted with respect to the narrow forbidden lines. Could the line-to-continuum 
proportionality imply that aspect dependence is in fact caused by obscuration and not 
relativistic beaming? It appears as though H/^ emanates from a region with precisely the 
same opening angle as the optical continuum. On the other hand, the [O II] plot in Fig. 
1 (a) seems to show very strong orientation effects and these are difficult to explain with 
current geometric models. 


5. Conclusions 

We have presented evidence that, on the one hand, the optical continuum of 
radio quasars is strongly aspect dependent and consistent with a simple 
Doppler beaming model. On the other hand, this straightforward interpretation 
appears inconsistent with the narrow distribution of H/J equivalent width over a wide 
range in R, which suggests a common angular dependence for the Balmer lines and 
optical continuum. It is hoped that these apparently conflicting results will stimulate 
further theoretical work on modelling the physics and geometry of quasar emission 
regions. 
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Anisotropic Emissions from Blazars 
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Abstract. Radies through X-ray continuum emission spectra of 30 blazars 
are presented. A new bimodal nature of blazar’s distribution, in the radio 
X-ray luminosity plane, shows the differences between BL Lac objects and 
highly polarized quasars or optically violent variables. 

Key words: Galaxies: nuclei BL Lac objects quasars radiation 
mechanisms. 


1. Introduction 

Optically Violent Variables (OVVs), Highly Polarized Quasars (H PQs), Flat Spectrum 
Radio Quasars (h SRQs) and BL Lac objects have been classed as 'blazars'. Blazars are 
radio-loud objects where relativistic jets close to the line of sight are thought to cause 
blazar characteristics like rapid variability, high polarization, high luminosity, and in 
many casts, superluminal motion. If the relativistic jets are real, the identification of the 
isotropic and non-isotropic emission components from the blazars may be used as 
a statistical indicator of orientation relative to the line of sight and also to probe the 
geometry of the nuclear region. In this paper we present the X-ray (0.04 lOkcV) 
observations of .30 blazars. Also we present the radio through X-ray continuum 
emission spectra of these objects. 


2. Observations, analysis and results 

2.1 A’-ruy ohsen utums 

X-ray spectra of 30 blazars were obtained with the EXOSAT X-ray satcilite using low- 
(0.04 2keV) and medium- (2 lOkeV) energy (LF and ME) detectors. Details of 
observations have been described in earlier papers (Ghosh & Soundararajaperumal 
19‘)2a,b). The XSPEC (X-ray Spectral hitting) software package was used to analyse 
the combined LE and ME spectra of the blazars. Power-law' plus the uniform 
absorption model was used to fit the spectra, but the derived values of the hydrogen 
column densities (A,J for most of the sources are smaller than the corresixmding 
galactic Njj values. Next we fitted the spectra using the power-law plus the fixed 
absorption model which provided reasonably good fit to the spectra. The fit par¬ 
ameters suggest that the BL Lac objects arc relatively steeper than the HPQs OVVs. 
The values of the X-ray spectial indices (a) of HPQs/OVVs are in the range of 0.4 1.0 
and that for BL Lacs are in the range of 1.0 2.2. F rom the measured LE and Mf: count 
rates we have computed the X-ray hardness ratio (HR, defined as the ratio between the 
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average ME count rate and the average count rate in the CM A + thin Lexan filter) of 
these blazars and we have found that the BL Lac objects are relatively X-ray softer 
(HR < 5) than the HPQs/OVVs (HR > 5). Also we have carried out the ME flux 
variability studies of the present blazar sample and have found that only BL Lacs have 
displayed rapid variability (on time scales of few hours). 

2.2 Muhifrequency spectra 

For the multifrequency continuum emission spectra (radio through X-ray) of blazars, 
the far-infrared and ultraviolet fluxes were obtained from the IRAS and IlJE databases 
and the radio, mm, infrared and optical fluxes were obtained from the literature. 
Figs, la, b show the multifrequency spectra of a BL Lac (Mkn 501) and a HPQ (AO 
0235 - 1 - 164), respectively. From these figures it may be seen that the radio through 
X-ray spectra of BL Lacs and HPOs/OVVs may be fitted with a single and double 
parabolic curves, respectively. Multifrequency spectra of HPQs/OVVs display spectral 
discontinuity between IJV and X-ray bands. 

2.3 Spectral indices and luminosities 

Two point spectral indices between radio and optical bands (ot^ ) and between optical 
and X-ray bands ^) show the bimodal nature of the distribution of blazars in the 
present sample (Eig. 2) which is similar to the ones found in other samples (Ledden 
& O’Dell 1985; Siocke et ai 1985, 1988; Worrall er a/. 1987). This supports against the 


MKN 501 
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Figure la. Broad-band spectrum of Mkn 501. 
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AO 0235 4164 



Log V,(Hz) 

Figure lb. Hroad-band spectrum of AO 0235 f 164. 


biasness o\ the present sample. Also we have found that the UV spectral indices of 
HPQs/OVVs are much steeper than the BL Lacs. 

F rom the statistical studies of luminosities of blazars in diflerent energy bands (radio, 
mm, FIR, IR, optical, UV and X-ray) we find that (he luminosities of the adjacent bands 
(i.e. vs. vs. Lp,^; etc.) are strongly correlated, but no correlation is 

present between LIV and X-ray luminosities. A new bimodal nature of blazar’s 
distribution in the L^^dio ~ plane has been detected which can be seen from Fig. 3. 
Also we have found that, over radio through X-ray frequencies, BL Lacs and 
HPQs/OVVs output most of their radiations in the IR Optical and X-ray bands, 
respectively. 


3. Discussion 

Multifrequency spectra of BL Lacs can be fitted with a smooth curve (broken power 
laws) which suggests that radio through X-rays are due to synchrotron mechanism. 
However, two-components are required to fit multifrequency spectra of HPQs/OVVs. 
Also the observed X-rays from HPQs/OVVs are much above the extrapolation of the 
spectrum from lower frequencies (radio through UV), which is in agreement with the 
results obtained by Worrall (1989) for a different sample of blazars. These results 
suggest that radio through UV spectra of HPQs/OVVs are from synchrotron radiation 
and X-rays are from self-Compton photons. Also, our new bimodal nature of blazar’s 
distribution (see Fig. 3) suggest that different radiation mechanisms may play import¬ 
ant roles in BL Lacs and HPQs/OVVs. We have also noted that the sources of 
two-component spectra (HPQs/OVVs) are superluminal radio sources. Relativistic jet 
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Figure!. Plot of Iwo-poinl spectral indices of 30 blazars between radio and optical band 
and between optical and X-ray band (ot^. ^). 



Figure 3. Radio (5 GHz) luminosity versus X-ray (2 lOkeV) luminosity of blazars. 


models (Konigl 1989 and references therein) have been proposed to explain the 
observed properties of various classes of blazars and it is generally believed that the 
dominant radiation from blazars are due to the jets. However, the jet models have their 
own limitations. Simultaneous multifrequency observations of these objects are strong¬ 
ly encouraged to understand the anisotropic emissions from blazars. 
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Ionized Gas in Elliptical Galaxies' 
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Abstract. We report observations of Ha nebulosities in the X-ray bright 
elliptical galaxies which are members of nearby groups of galaxies or 
duslcrs. Our sample includes NGC 1399, NGC 1600, NGC 2563, NGC 
3607, NGC 4203, NGC 4636, NGC 4753 and NGC 5044. Some of these 
galaxies have X^ray cooling flows. The results are based on CCD surface 
photometry carried out using the broad band filters V and R, and a narrow 
band filter appropriate for the rcd-shifled Ha-h [N II] emission. We 
present the integrated Ha luminosities in these galaxies and examine 
various emission mechanisms. Photoionization by young stars is a 
viable mechanism. New features like dust and shells with blue colours have 
been discovered in some galaxies. The presence of the 10**^ K gas is asso¬ 
ciated with the presence of such features indicative of galaxy-galaxy interac¬ 
tions. In NGC 3607, rings or a disk of dust surrounds the ionized gas. In 
NCC 4753, a very complex system of dust lanes i.s observed. Wc suggest 
that the dust and associated gas in NGC 3607 is acquired from an 
interacting neighbour NGC 3608. Accretion events or mergers may be 
common in these galaxies. 

Key words: Elliptical galaxies—surface photometry—galaxy-galaxy in¬ 
teractions; ionization; gas; dust. 


1. Introduction 

Optical spectroscopic observations have revealed that nearly 40% of the elliptical 
galaxies show faint emission lines (Phillips et al. 1986). These emission line spectra have 
the characteristic of LINERS (Low Ionization Nuclear Emission Regions) wherein the 
lines from singly ionized species are strong relative to Hll regions and higher ionization 
lines are weak relative to AG Ns. This has led to the suggestion that such spectra are 
typically produced by low velocity (<l(X)kms"^) shocks or photo-ionization by 
a dilute power-law continuum (Heckman 1987), In particular, Ha and [Nil] emission 
lines are seen in the central regions of the elliptical galaxies indicating the presence of 
warm (lO'^K) ionized gas. The origin of the gas, its ultimate fate, and excitation 
mechanisms are not fully understood, however. The investigation of the above ques¬ 
tions can be extremely interesting as it covers many topics e.g., inter-relationship of 
different gas phases, theory of cooling flows, frequency and relevance of mergers in 

' Based on observations using Vainu Bappu Telescope, VBO, Kavalur. 
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galaxy evolution, stellar evolution, star formation etc. It is with the aim of getting an 
insight on these problems that v e are imaging the faint emission nebulosities and 
studying the properties of the warm gas viz., mass, luminosity, extent, structure and 
shape with respect to the stellar component, association with dust and shells etc. 

We have targeted the X-ray bright elliptical galaxies (Fabbiano et ai 1992) which arc 
members of nearby groups of galaxies or clusters (Table 1). Diffuse X-ray emission and 
cooling flows’ have been resolved in some of these galaxies (Thomas et al 19H6). 


2. Observations 

The galaxies were imaged using a GEC P86()3 front-illuminated CCD at the prime 
focus of the 2.3 m Vainu Bappu Telescope! VBT) at Kavalur. The images were obtained 
through broadband V and R tillers as well as narrow band filters selected appropriately 
for the target galaxy based on its redshifl so as to cover the Ha emission. Spectrophoto- 
metric standard stars (Stone 1977) in the neighbouring regions of the sky were observed 
for calibrating the narrow hand filter data. The standard stars in the 'dipper astcrisrn’ 
region of M67 (Bhat et ai 1992), from Landolt (1983) and Kilkenny & Mcn/ies (1989) 
were observed for calibrating the V and R data. The details of the CCD camera and its 
standardization using the M67 star cluster have been reported by Bhal et ai (1990 
& 1992), and Anupama et al. (1993). Briefly, the image scale on the CCD is 0.6arcscc 
pixel ^ al the //3.25 prime focus of the VBT and the held of view is 5.7 x 3.8arcmiir. 
The read-out noise of the CCD is - 10 electrons and the gain setting corresponds to 
^ 4 electrons per CCD count (ADIJ) (Frabhu, Mayya Sc Anupama 1992). 


3. Results 

In Fig. 1, we show two representative contour maps of the surface brightness of Ha and 
[Nil] emission from NGC 1600 and NGC 3607 derived using the R and narrow-band 
filter data (for details see Singh et ai 1993) All galaxies in our sample, except NGC 
2563, were detected to have significant line emission, fhe emission is concentrated in 
the central regions. The sizes are in the range 2.0 2.5 kpc in NGC 3607, 4203, 4636 and 
4753, and 4 6 kpc in NGC 1399, 1600 and 5044. The total Ha + [Nil] luminosities are 
given in Table 1. The ratio of these luminosities to their total X-ray luminosities ranges 
from - 2 X 10 ^ to ^ 1. X-rays may be absorbed considerably in the dust of NGC 
4753, thus leading to very low observed L^. From the V and R data we detect many new 
features like rings and lanes reddened due to dust in NGC 3607 and 5044, and residual 
.dtells which are distinctly blue in NGC 4203 and 4636 (Tabic 1). 


4. Discussion 

We have examined various emission mechanisms, such as recombination m cooling 
flows, heating of neutral gas associated with dust found in most of these galaxies, and 
ionization due to stars. Ionization in cooling flow fails to account for the ob.seived 
emission nebulosities unless the recombination rate is increased by 10^ to 10^ times. 
Heal conduction, though adequate in some galaxies with small ratio of + 
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and North is towards the right approximately. 
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as in NGC 4696 (Sparks, Macchelto & Golombek 1989), is found to be insufticient to 
match the cooling rate of the lO^K gas in NGC 3607 (Singh u/. 1993), NGC 4203 and 
4753 (Singh et al. (in prep.)). If the ionization is due to stars, bursts of star formation and 
top heavy star formation are needed (Singh et al 1993), In addition, the cooling 
timescales of the warm gas are very short and the dust cannol survive for too long in 
these environments. Therefore, both dust and neutral gas need to be replenished 
frequently. In case of NGC 3607, there is good evidence, from its rotation curve, of 
interaction with the gas rich neighbour NGC 3608 (Jedrzejewski & Schechter 1988) 
which could also be the supplier of gas and dust. The presence of shells in most galaxies 
(particularly those with blue colours) indicates significant ongoing merger activity and 
star formation. In conclusion, it appears that accretion and merger effects are common 
and are also the cause of enhanced star formation and ionization in these galaxies. 
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Abstracts 

A Head-Tail Source Found with Miyun Synthesis Radio T elescope 

Zhang Xizhen*, T. A. Th. Spoelstra^ & Wang Yumin* 

^Beijing Astronomical Observatory. CAS. Beijing lOOOHO, China 
^NFRA, Posthus 2, 7990 A 4 Dwingeloo, The Netherlands 

Key words: Radio source—multi-wavelength observations— a:D galaxy 


A new head-tail radio source was found using the MSRT in 1988 at 232 MHz, in one of 
the fields of the Miyun 232 MHz radio survey, i.e. centered at “( 1^50 

The source appears as a large diffuse tail ( -- 20 ) with two other known 
sources north of it. The source is not present in the B3 catalog (Ficarra, A. et ai 1985). It 
is located at R./1.00^5(r 17. F, Dec.43 18'23.9". It does not appear in the IRAS point 
source catalog and IRAS weak source catalog. It has also no UV counterpart in the 
IlJE database. Only a Zwicky cluster (ZC(X)50 4 4325) is found within the field of view 
of the MSRT but it is far from the source. With the MSRT resolution of 3/8 x 3/8 the 
source cannot be resolved, but gives a peak flux ofO 44 Jy and an integrated flux density 
ofOTJy at 232 MHz. 

To resolve the source, observations with the VLA at frequencies 1.4 GHz, 4.9 GHz, 
and 8.4 GHz have been made. At 1.4 GHz it is seen as a source with two bending tails, 
while at higher frequency it appears to have a single tail with a nucleus. VLA 
observations provided accurate positions and resolved the source complex into several 
components as summarized in Table 1. In order to study changes of spectral index in 
the source complex the 4.8 GHz map has been convolved to resolution of the 1.4 GHz 
map. The results are also given in Table 1. 

We also obtained maps with about L resolution at 151 MHz and 327 MHz from 
Cambridge and WSRT, respectively. Both of them show complex morphologies and 
tendencies like that at 1.4 GHz. 

The optical observation was obtained in October 1991 with Xinlong 2.16 m tele¬ 
scope, Beijing Astronomical Observatory, and the CCD direct-imaging camera. A \ 4"' 
galaxy was found at the po.sition of the head of the new head-tail source. Its coordinates 
are a00''50"' 13.45', (^43'"18'43.5" (1950.0). There is an empty field at the position of the 
component 2 . 

This peculiar source may be either a member of a cluster of galaxies or a cD galaxy. 
There is not so much evidence for the first possibility, because this galaxy is rather 
isolated, i.e. not clearly related to a cluster or group of galaxies. A cD galaxy with two 
radio tails and angle between the tails of less than 90" had not been found in literature. 
Is this the first one? The source was also identified by Peng (Peng 1993) as a possible 
variable. 

Wc wish to thank Prof Chen Jianshen for granting us telescope time and giving us 
much useful direction. We are indebted to Drs. W. M. Goss, J. P. Ge, and P. Warner for 
their observations of the interesting sources. 
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TaMe 1. The spectral indices list. 


Component 

Position (1950.0) 

Spectra index (1417 4885) 

Tail A 


- 0.97 

Tail B 


-0.79 

HeadfH) 

005013.6-*-431842.4 

-0.16 

Componenl 1 

005024.1 +431901.6 

-0.2 

Component 2 

005018.5 + 431813.6 

-0.6 
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★ ★★★★ 

A VLA 20 and 90 centimetre Radio Survey of Distant Abell Clusters 
with Central cD Galaxies 


J. Bagchi V. K. Kdpahi h/alumal Centre for Radio Astrophysics, TlFR, Pune 411 Q()7, 
India 


Results of an extensive imaging radio survey of a statistical sample of the most distant 
Abell clusters (0.1 < z <0-3) of galaxies dominated by cD galaxies are reported. In 
order to understand the origin and evolution of radio sources in these clusters, about 50 
cluster fields were mapped at 1.4 GHz, and about 35 of these were mapped both at 
1.4GHz and 330 MHz, all with the VLA. The main results are as follows: 

(a) The radio luminosity function (RLF) of the cD galaxies is found to agree quantitat¬ 
ively with the RLF of giant elliptical galaxies (located in less richer galactic 
environment) for 1.4GHz radio luminosity < lO^'^^^WHz"\ However, beyond 
this limit, cD galaxies are more likely to be radio sources than ellipticals. This 
behaviour of the RLF can be understood in terms of the correlation between radio 
and optical luminosity of the giant elliptical systems. 

(b) No significantly large population of steep spectrum radio sources with spectral 
index a > 1.2 between 330 and 1400MHz is found in these clusters. The median 
spectral index of the cD galaxies is only 0.70 ±0.13, very similar to the median value 
for non cluster radio galaxies. 

(c) A re-examination of the radio and X-ray data on the nearby (0.03 < z < 0.15) Abell 
clusters with cD galaxies reveals a significant negative correlation between the 
radio luminosity of the cD galaxy and the cooling time of the hot intra-cluster- 
medium. As many as 70% of the radio emitting cD galaxies (with 1.4GHz radio 
luminosity > 10^^ ^WHz ') are found to be located at the focii of‘cooling-flows’. 
This implies that the majority of the radio-loud cDs detected by us in distant Abell 
clusters could be associated with massive cooling-flows’. Physical models of the 
confinement of the radio plasmas and the fuelling of central energy sources of cDs 
are examined to understand the effect. 
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(d) The radio-emitting cD galaxies are found to be located close to the centres of their 
host clusters, while the radio-quiet cDs are not centrally located. The possibility of 
the dynamical evolution of clusters causing this effect is considered. 

(e) A significant excess in the surface number density in the central 1 Mpe of the clusters 
is detected over the isotropic radio source background. No such departure is found 
in the outer parts of the same clusters, implying clustering of radio sources near 
cluster centres. 


★ ★ ★ ★ ★ 

Variability in Southern BL LAC Objects at cm Wavelengths 


Don Bramwell Haneheeslhoek Radio Astronomy Ohservalory. South Africa 


The behaviour of the most variable objects is discussed in comparison with active 
northern sources and with the less active objects in the sample. 

★ ★WWW 

Multi-Waveband Studies of the Molonglo 1-JY Sample of Radio 
Galaxies 


V. K. Kapahi, R. M. Athreya & C. R. Subrahmanya National Centre for Radio 
Astrophysics, TIFR, Pune 411 007, India 

P. J. McCarthy o/i.scrwa ories of the Carncupe Institution of Washinyton, Pasadena, USA 

W. van Breugel igpp. i Alwrence Livernuyre National Lahorat(>r\\ Livermore, USA 


The current status of the project to identify and study radio galaxies in a complete 
sample of over 500 radio sources from the Molonglo Reference Caialogue with 
S ^ 0-95 Jy at 408 MHz is described. Radio maps of the entire sample have been made 
with resolutions between 1 and 5 arcscc at 5 GHz using the Very Large Array. The 
maps are being used to make optical identifications from deep R-band CCD imaging 
using the 2.5 m Du Pont telescope at Las Campanas. Spectroscopic observations of 
identified objects are being made with the 4 m telescope at Cerro Tololo. The project 
has already led to the identification of about 50 galaxies at z > 1. About 20 of these have 
z > 2, including two at z —3.13 and 3.04 respectively, which arc the most distant 
galaxies known in the southern hemisphere. Our results confirm the correlation 
between radio spectral index and redshift, as most of the high redshift galaxies have 
rather steep radio spectra. 

Many of the galaxies are also being imaged in the g, I, J, H and K wavebands in order 
to determine the spectral energy distributions. The results are discussed in the context 
of the observed alignment between the radio, optical and IR emission. 


★ ★ ★ ★ ★ 
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Twin Jets in an FR 11 Radio Galaxy 

Lakshmi Saripalli Unirrrsifcil Bonn. Gernhiny 

Ravi Subrahmanyan Notional Centre /or RaJio Astropliysies. Pune 411 007, Indio 
Richard Hunstead Vnirerslty of Sydney, NSW 2006, Australia 


Using the Australia Telescope, we have discovered a bright jet and counter-jet in 
a radio galaxy that has an edge-brightened structure. These quasi-continuous jets are 
the longest astrophysical jets seen to date. We present the observations and implica¬ 
tions for the unifying theory for PRGs and quasars. 


★ ★★★★ 

Compact Groups of Galaxies: Interactions and Radio Emission 


V. R, Venugopal, K. S, V. S. Narasimhan & S. M. Alladin inter-Umversity 

Centre for Astronomy and Astrophysics, Pune 411 007, India 


Menon(1992, Mon. Not. R. astr. 5oc., 255,41 ) has shown that in the case of radio-loud 
E & SO galaxies in the Hickson compact groups the distances of the nearest neighbours 
are less than those for radio-quiet galaxies and they are predominantly the first ranked 
ones. We attempt to interpret these results in terms of the compactness of the groups 
and the tidal radii of the galaxies (radio sources) and their nearest neighbours and their 
merger times. 


★ ★ ★ ★ ★ 

A Jet Model of Plasma Turbulence Acceleration for AGNs 


Tong Yl & Li Qingkang Beijincf Normal Vniversity, Beijing WOS75, C hina 


The jet .stream is an important phenomenon for active galactic nuclei. One of the most 
important problems about jets is why they can go from pc scale to several hundred kpc 
scale, while remaining collimated. It is possible that jets have been accelerated while 
they spurt from the nozzles. Many of the models have been suggested to drscuss jets and 
some results have been obtained. 

In this paper we put forward the possibility that particles are accelerated by plasma 
turbulence waves. Using the conservation equation of the wave action density, the state 
equation, the conservation equation for momentum, the continuity equation and the 
conservation equation of magnetic flux, we obtain the solution for jet velocity and the 
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results are coincident with the observational evidence (such as high velocity ofjets). So 
we think that the plasma turbulent wave is an efficient mechanism to accelerate jets. 


★ ★★★★ 

BVRI Imaging of the Disturbed Spiral Galaxy NGC 2701 


S. K. Pandey Uniiersily. Raipur 4^2010. India 

A. K. Kembhavi Inter-University C entre for Astronomy ami Astrophysics, Pune 411 007, India 
V. Mohan Uttar Pradesh State Ohservati/ry, Nainital 263 729, India 


We present the results of BVRI imaging of the disturbed spiral galaxy NGC 2701 taken 
at the f/13 Cassegrain focus of the one metre telescope at UPSO, Nainital, India. NGC 
2701 is classified as a SAB(rs)c type galaxy having a relatively large and elongated 
companion at 8' South. Its structure is rather complex, and it is difficult to derive the 
surface brightness, ellipticity and position angle distributions in the usual manner by 
fitting ellipses to the observed isophotcs. We present these profiles as well as two 
dimensional colour maps of the galaxy We also present the decomposition of the 
galaxy into its bulge and disc components, put limits on a possible central point source, 
and discuss the residual structure present after a smooth model of the galaxy is 
eliminated. 


★ ★ ★ ★ ★ 

IVIulticolour Investigations of Shells, Dust and Other Features in Elliptical 
Galaxies 


Neeharika Thakur, Devencira Sahu & S. K. Pandey R avishankar University, 
Raipur 492 010, India 

A. K. KcmbhclVl Imcr-UnivcrsHy Centre for Astronomy and Astrophysics. Pune 411 007, 
India 


We present results of CCD observations of several elliptical galaxies obtained in B. V 
and R bands at the prime focus of the 2.3 metre Vainu Bappu Telescope (VBT) at 
Kavalur, India. We have examined these galaxies for the presence of shells, dust and 
other features by constructing colour maps, and residuals obtained by subtracting 
a smooth model of the underlying galaxy from the original image. We confirm the 
presence of features in NGC 2476 and NGC 4374 which have been studied earlier by 
other workers, and report on features in other ellipticals for the first time. We provide 
estimates of the fluxes and colours of various features. 


★ ★ ★ ★ ★ 



206 


Ahstnicis 


Surface Photometry of the Elliptical Galaxies NGC 1600 and NGC 507 

Ashish Mahabal & A. K. Kembhavi hiicr-l’nii'crsity Centre Jnr Astronomy uml 
Astrophysies. Pune 411 DO", India 

K. P. Singh Tata Institute of t undamental Reseureh. Bomhay 400 005. India 
Richard Green \ ationtd Oplical Asfrtmamy Oh.sen alories. P.O. Hm J in son, i SA 


We present results of CCD direct imaging of the two elliptical galaxies NGC 1600 and 
NGC 507, which are known X-ray sources and are members of interacting pairs. We 
have used various techniques to examine these galaxies for the presence of shells, 
A slruc- ture and other features. We examine properties of the features found and 
compare these with the features in ellipticals reported by other workers. We also 
examine the regions between and around the members of the group. 

★ ★ ★ ★ ★ 

Surface Photometry of Seyfert Galaxies NGC 2992, NGC 3227 and 
NGC 7172 

G. C. Anupama & A. K. Kembhavi liucr-l nirfr^ily Ci’iurc Inr Aslnmunn (ittil 
A.strophysii's. Pune 411 007, India 

M, tlviS Harvurd-Srnithsonian Centre for Astrophysies. Camhndije. Ma. 

R. Eldclsori \utional Aeronautics and Space Administration, Washintfltm DC 20546, 15.^ 


Broad band images of NCjC 2992, NGC’ 3227 and NCiC’ 7172, selected from a larger 
sample of hard X-ray loud Seyfert galaxies, the Piccmotti sample, have been analysed. 
We present here the results of surface photometry. The radial luminosity profile is 
decomposed into point source, bulge and disc components. An estimate is made of the 
extinction in these galaxies, as also the mass of dust and neutral hydrogen present in the 
galaxy. 


★ ★ "A ★ ★ 

Detection of Microvariabilily in Polarization in a BL l.AC Object OJ287 


M. R. Deshpande & U, C. .loshi Ph ysical Research Laboratory, Ahmedahad 3^0 00^. 
India 


C)ne of the important studies related to ACjN is to detect rapid variations m Ihe flux and 
polarization !o assess the size of the source and possibly the physical processes taking 
place in the nuclei of AG Ns. Recently we have delected 6,3 min variations in polarization 
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from a BL Lac object OJ287, which was subsequently confirmed by others. The 
imporlance of these observations on the energetics in the central engine/jet will be 
discussed. 


★ ★★★★ 

Dynamics of Stellar Content of Hot-Spot Regions of Active Galaxies 

V. Korchagin & A. K. Kembhavi hucr-i InifiTsity Centre for Astronomy and 
Astrophysics, Pune 411 (H)7, India 

D. Mayya & T. Prabhu Indian institute o/ Astrophysics, Baru/alore 560 034. India 


We investigate self-regulated propagation of star formation in molecular clouds 
fragmented to cold dense structures with masses lying near or above the .leans mass. 
Strong U V radiation of newborn massive stars heating and compressing nearby dense 
mhomogcneitics could be a triggering mechanism foi the formation of a new gener¬ 
ation of stars. Once initiated, star formation propagates with a velocity determined by 
the parameters of cloud inhomogeneilies. 

The UV flux from newly born stars leads to evaporation of protostellar inhomo¬ 
geneities which produce stars, and when the IJ V fiux reaches a critical value, propaga¬ 
tion of star formation has to stop So star formation in galaxies has a built in 
sel I - reg u 1 a i o r y m ech a n i s n i. 

'['he propagating, self-regulated star forming activity manifests itself as hot-spots in 
various galactic regions. Wc determine theoretically an integral stellar mass spectrum 
in stellar complexes in such a hot spot scenario, and compare it walh results from other 
scenarios of star formation. 


★ ★ ★ ★ ★ 

Quasar-Galaxy Interactions: A Possible Mechanism for Formation of 
cD-Galaxies and Gravitational Lenses 


J. Anosova. & M. K. Deshpande p/jisunf Kof'urc/i LaltDralorics. 4hmi'(Iah(iJ iHOOO':), 
India 


Tidal effects of disruption and merger of a massive perliirbcr-quasar on a galaxy cluster 
have been studied by computer simulations using Aarseth’s N-BOBY 2 code. The 
model consists of a spherical N-body galaxy cluster and a point-mass perturber. A wide 
range of the initial conditions (the ratios of masses of the objects, viria! coeflicicnt q of 
N-body system, pericentric distances and eccentricities of the orbit) have been used. 

It is shown that for small pericentric distance, parabolic orbits and values of virial 
coefficients q > 0.5, collisions of objects can result in their merger. Products of such 
merger have properties of the cD-galaxies or gravitational lenses. 


if ir ir if if 
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The Merger Time of Interacting Galaxies - Its Dependence on 
Energy and Angular Momentum 

G. M. Ballabh, K. S. V. S. Narasimhan & S. M. Alladin O.sMKfmci Universiry. 

IIyderahtid 500 007. India 

An analylical expression for the merger lime of interacting galaxies is deduced in 
terms of their orbital energy, E, and angular momentum, L, from the tidal forces 
estimated by neglecting the internal structure and motion. This relation gives results 
which are consistent with those obtained by detailed N-body simulations. It is noted 
that depends very strongly on Energy-angular momentum plots for 

different masses and merging time are given according to the analytical relations 
obtained. 

★ ★ ★ ★ ★ 
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New Lessons from Old Pulsars 

MdttheW Bdilcs Australia Jelescitpe NatiioiaJ Facility, ( SJRO, PU B().\ 76. Epping, 
Australia, 2121. 

Abstract The recently awarded Nobel prize for physics to Prof. J. H, Taylor 
and Prof. R. Hulse for the discovery of the binary pulsar PSR 1913 + 16, 
reinforces the fact that even 2.5 years after their discovery, radio pulsars 
continue to appear at the forefront of modern astrophysical research. The 
most exciting advances over the past decade have come from observations 
of old pulsars which have been given a second lease of life due to mass 
transfer from a binary companion. The study of these so-called recycled’ 
pulsars has taught us a great deal, not only about these exciting systems, but 
also about the evolution of the ‘normal’ pulsars. 

Key words: F^ulsars; binary neutron stars. 


T Introduction 

In the early 1980’s the bulk of the radio pulsar population consisted of what I will refer 
to as ‘normal’ pulsars. These pulsars were characterised by strong magnetic field 
strengths ( ^ 10 ‘ ^ Ci), rotation periods of between 33 ms and 4 seconds, with the bulk of 
the population within a factor of a few of 1 second. They typically lay at distances of 
a few kpc and appeared to be migrating from the galactic plane with velocities of 
~ KH)km s ^ (Lyne, Anderson & Salter 1982). However a new class of pulsars were 
emerging, the so-called ‘millisecond’ pulsars. These were characterised by much lower 
magnetic field strengths ~ .3 y 10^ G. and rotation periods measured in terms of milli¬ 
seconds. The fir.st of these PSR 19.37 + 21, discovered by Backer et al. (1982) remains the 
most rapidly rotating neutron star known with a rotation period of only 1 55 ms. After the 
completion of the second Molonglo survey (Manchester et al. 1978), which discovered 
155 pulsars, the sample of ‘normal’ pulsars was adequate for most statistical studies, 
and the millisecond pulsar injected new life into radio pulsar studies and surveys. 

In this paper 1 will first of all outline the standard model of radio pulsar evolution at 
the lime when only a handful of millisecond pulsars were knowm, which is largely the 
model of Lyne, Manchester & Taylor (1985). Then I will take the reader through the 
significant advances in our understanding which took place largely as the result of the 
discovery of millisecond and recycled pulsars. For a more complete work on the recent 
pulsar discoveries interested readers should consult Bailes & Johnston (1993). 

2. Normal pulsar evolution circa 1985 

In a landmark paper only a few years after their discovery Gunn & Ostriker (1970) 
described a model of the pulsar population which remained in vogue for almost 20 
years. At the time there were only about 40 pulsars known and less than half of ific.se 
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possessed measured period derivatives. The product of a pulsar’s period P and period 
derivative P gives an indication ofit^ magnetic field strength P, and in convenient units; 

( 1 ) 

here magnetic field strength in units of lO'^G, P the period in seconds, and 

P^j 5 is the period derivative in the conventional pulsar units of 10^ ^^ss ^ The 
characteristic age of a pulsar t is usually defined as 



and is close to the true age provided that the initial spin period is small compared to the 
current one, the magnetic field does not decay and the braking index is 3. The main 
conclusions of Gunn & Ostriker (1970) were as follows: 

■ Pulsars live for about 4x10^ years and perish due to the decay of their magnetic field 
strength P, with the radio luminosity being proportional to P^. 

■ The beaming fraction is about 20%. 

■ The birthrate is about one per 30 years in the Galaxy. 

■ The average velocity of pulsars at birth is l(X)kms V 

■ Pulsars arise from stars greater than 4 Mq. 

Fifteen years after this paper, Lyne, Manchester & Taylor (1985) repeated the analysis 
of Gunn & Ostriker (1970) with a much larger (-- 3(X)) and more complete sample of the 
radio pulsar population, fn this paper a new distance model was derived and many of 
the conclusions of Gunn & Ostriker (1970) appeared to stand the test of time. The 
birthrate derived was between one per 30 years and one per 120 years. The field decay 
constant derived was 9 Myrs and the velocities measured for pulsars by Lyne, Ander¬ 
son & Salter (1982) using interferometry ^ 200km s ^ were shown to be largely 
consistent with their observed z-distribution. 


3. New lessons from old pulsars 

The refined model of Gunn & Ostriker (1970) presented by Lyne, M anchester & Taylor 
(1985) has now undergone substantial revision. This is almost solely due to the 
discovery of the recycled pulsars both in the disk and globular clusters. 

3.1 Discovery of the millisecond pulsar: Implications for pulsar radio luminosity 

The millisecond pulsar PSR 1937 -h 21 had a magnetic field strength 4 orders of 
magnitude lower than the bulk of the pulsar population. This pulsar was extremely 
luminous and as a result it was immediately obvious that the luminosity of (at least 
millisecond) pulsars did not follow the L oc law proposed by Gunn & Ostriker (1970) 
and used by Lyne, Manchester Sc Taylor (1985) in their analyses of the pulsar 
population. Proszynski Sc Przybycien (1984) and others such as (Narayan 1987; 
Chevalier & f mmering 1986) attempted to use relations of the form 


( 3 ) 
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to describe a radio pulsar s radio luminosity (where or and P were constants. These 
fits to the observed data argued strongly against the a — p — 1 used by Gunn & 
Ostriker (1970) and Lyne, Manchester & Taylor (1985), and suggested a negative value 
for a was more appropriate. Despite this, there remains an enormous scatter about any 
power law relation relating pulsar radio luminosity to P and P (Lonmer et al. 1993). 

3.2 Birthrate of millisecond pulsars: Implications for rnacjnetic field decay 

The discovery of the low-luminosity millisecond pulsar PSR 1855 4 09 meant that the 
birthrate of these objects was much higher than their assumed progenitors, the 
Low-mass X-ray binaries, even if the millisecond pulsars lived forever (Naray an 1987; 
Kulkarni & Narayan 1988). This meant that pulsar magnetic fields must cease decaying 
if millisecond pulsars were long-lived objects. On the other hand if millisceond pulsars 
were once ‘normal’ pulsars, their magnetic fields must have decayed. 

3.3 Optical identification of the companion of PSR 0655 4 64: Implications for field decay 

Kulkarni (1986) successfully detected the opticaf companion of the binary pulsar 
PSR 0655 4 64. It was a very cool white dwarf with a cooling age near that of the 
characteristic age of the pulsar. This meant that the magnetic field of PSR 0655 4 64 
was no longer decaying and lead Kulkarni to propose a two-component model for 
pulsar magnetic fields. In his model the core field was non-dccaying and the crustal field 
decayed on shorter timescales. Srinivasan & Bhattacharya (1987) proposed that there 
was a minimum value of magnetic field strength for the millisecond pulsars, and that 
the fields would not decay below this level. The field of PSR 0655 4 64 was a factor of 30 
higher than the millisecond pulsars, and so the core field strength had to vary between 
pulsars by a considerable amount. 

3.4 The globular cluster pulsars: Implications for field decay 

After the initial discovery of the pulsar in M28 by Lyne el al. (1987), several surveys of 
nearby globular clusters were undertaken. This resulted in a large number of radio 
pulsar detections. Because type II supernova explosions ceased in globular clusters 
shortly after their formation, it is widely believed that the neutron stars present there 
are either at least several billion years old, or have been formed by some alternative 
formation mechanism, such as the relatively recent accretion-induced collapse of 
a white dwarf star. If the former is true, the observed large range of field strengths in the 
cluster pulsars meant that the core fields of pulsars range by three and a half orders of 
magnitude, which makes the two-component theory somewhat less palatable. 

The kinematic evidence for field decay was shown to be less secure than originally 
thought by Bailes (1989), and when Bhattacharya et al. (1992) demonstrated via 
a statistical treatment of the pulsar population that there was no need for field decay to 
explain their observed distribution, the evidence for field decay in the absence of mass 
accretion became scarce. Now models in which pulsar magnetic fields do not decay, 
unless they accrete matter are more in vogue, as argued by Taam & van den Heuvel 
(1986), van den Heuvel (1986) and Bailes (1989). The theoretical basis for such models 
are however, far from secure. Some examples of such models are Srinivasan et a/. (1990) 
and Romani (1990). 
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3.5 The pulsar distance model 

The millisecond pulsars in globular clusters clearly demonstrated a problem with the 
almost universally-accepted distance model of Lyne, Manchester & Taylor (1985) in 
that it underestimated the distances to the globular cluster pulsars. This is now 
understood to be because of the finite layer of free electrons in the Galaxy. Prior to the 
discovery of the globular cluster pulsars it was virtually impossible to obtain reliable 
distances to pulsars at high z. The globular cluster pulsars made it possible to estimate 
the maximum possible DM sin h in the galaxy, where DM is the pulsar’s dispersion 
measure and h is its galactic latitude. 

A parallax measurement using high-precision timing of the millisecond pulsar PSR 
1855 -j- 09 increased the number of local pulsars which possessed reliable distance 
measurements, and it became clear that the pulsar distance model in fact under¬ 
estimated the distance to most nearby pulsars. Most pulsars are now almost a factor of 
two further away than previously thought (Taylor & Cordes 1993). This has decreased 
their birthrate and increased their mean velocities. 


4. In retrospect 

Although there no longer appears to be any strong evidence for pulsar magnetic field 
decay in the absence of accretion, a revision of the evolution of pulsar theory makes it 
clear how the belief in magnetic field decay arose, and how it was reinforced, When 
Gunn and Ostriker attempted to derive a luminosity law they restricted their par¬ 
ameterization to one variable, the magnetic field B. Once it had been postulated 
that La: B^. the only way a pulsar could die was to have its field decay] The observation 
by Lyne, Ritchings & Smith (1975) that the observed, (as opposed to underlying), 
distribution of pulsars in the P — P plane was consistent with field decay, and that 
the kinetic ages of pulsars were also consistent with this, further reinforced this 
belief. Finally, the infinite extent of the Galactic free-electron layer in the Lyne, 
Manchester & Taylor (1985) model meant that the derived z-distances of all pulsars 
were less than 1 kpc. This meant that all pulsars were believed to die before reaching 
larger z-heights. If the luminosity was related to the magnetic field strength and period, 
then pulsars either had to slow down to very long periods by the time they reached 
a z-height of 1 kpc, or have their fields decay. 1’he slow-down rate was constrained by 
the magnetic field strength distribution and equation (I), and therefore field decay was 
a necessity. 

Thus, in a subtle way, the pulsar distance model induced apparent field decay in 
statistical analyses of the radio pulsar population such as Narayan & Ostriker (1990). 
Without the globular cluster pulsars, our knowledge of the galactic free electron layer 
would not have improved and theoretical models of the pulsar population would still 
require some artificial method of reducing pulsar lifetimes, such as field decay. 
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Pulsars in Globular Clusters 


A. Ray Tata Institute of Fundamenlat Research, Bombay 400 005, India 

Abstract. Nearly three dozen pulsars discovered in the globular clusters 
(GCs) have shown that these pulsars are not only quite numerous but also 
have somewhat different characteristics from those ofthe pulsars appearing 
near the galactic disk. Here I discuss the issues about the formation and 
evolution of pulsars in the globular cluster systems. In particular the 
question regarding the total population of these pulsars and their possible 
progenitor systems is addressed. The implication of the presence of a num¬ 
ber of slow pulsars in some of the GCs is mentioned. 

Key words: Pulsars binary and multiple stars globular clusters in the 
Milky Way. 


1. Observational data on globular cluster pulsars 

The number of currently confirmed pulsars in the globular clusters (GC's) is 33. A 
list of these pulsars with their spin periods and characteristic ages together with 
the dynamical properties of the GCs they appear in are given in Table 1. The GC 
pulsars, observed so far, have important differences from those of the galactic 
disk pulsars in several respects: 1) While the vast majority of more than ^ 6()0 
pulsars in our galaxy located in the galactic disk have periods between 2C)0ms to 
2 seconds, most of the pulsars discovered so far in the GCs (all but 8) have spin 
periods ^ 25 ms. 2) Similarly, while the characteristic age t, = P/(2P) of the 
galactic disk pulsars range (mostly) between 1 to 10 x lO'^yrs, out of the pulsars in 
GCs which have determined characteristic ages only about three come even close to 
being as young as the disk pulsars. 3) The magnetic fields of the GC pulsars (assumed 
to be of dipolar structure) are found to span a wider range of values (5 x 10” 
10^ ^G) with most pulsars having low field compared to those in the galactic 
disk where most pulsars have fields in the range of 10^^ /i 10‘^G (there is 
however uncertainty in some of the GC pulsars’ fields and intrinsic spin period 
derivatives as the acceleration of the pulsars in the GC and the resultant con¬ 
tamination to P are difficult to model due to uncertainties in the cluster parameters 
see e.g. Biggs et al. 1994). 4) More than one-third of the GC pulsars are in binary 
systems and roughly 40% of the ‘millisecond’ pulsars (with /^pin'^ -^ms) in GCs 
are in binary systems. Table 2 gives the orbital period distribution of GC pulsars 
in binary systems. For the currently available data, the number of binary systems 
with short orbital periods {I\^^ < Id) is the same as the number of systems with long 
orbital periods. 
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Tabic 1. Pulsars in globular clusters. 
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Table 2. Orbital period distribution. 


Globular 

cluster 

Pulsar 

P 

Mpin 

(ms) 

^orb 

(d) 


c 

m; 

(Mo) 

(lO'^G) 









Ter 5 

1745-24"^ 

11.56 

0.075 

< 

0.0012 

(0.09) 

<9.8 

47Tuc 

(X)21 -72J 

2.10 

0.12 

< 

0.03 

(0.02) 


NGC6760 

1908 f DO 

3.62 

0.14 

< 

0.01 

(0.02) 

<6 

47Tuc 

0021 - 721 

3.48 

0.23 



(0-22) 


NGC6342 

1718- 19"' 

1004 

0.258 


0.005 

(0.12) 

1500 

M15 

2127-h lie 

30.53 

0.335 


0.681 

1.3 

12 

n>lrf 








M13 

1639 ^- 36B 

3.5 

1.26 



(0.16) 


47Tuc 

0021 + 72 E 

3.53 

2.22 

< 

0.08 

(0.16) 


NGC6539 

1802 - 07 

23.10 

2.62 


0.21 

(0.30) 

< 1.6 

M5 

1516 + 02B 

7.94 

6.8* 


0.127* 

(0.11) 


M4 

1620- 26 

11.07 

191.44 


0.025 

(0.28) 


M53 

13104- 18 

33.16 

255.84 

< 

0.01 

(0.31) 



^ Assumed value of sin / - 1, = 1.4 when companion mass is enclosed in brackets. 

Eclipsing pulsar. 

* Provisional parameters; full timing solution unavailable; Wols/czan (1993) private communi¬ 
cation. 


2. Formation and evolution of the pulsars 

The presence of a number of pulsars with characteristic ages considerably smaller than 
the GC ages (typically ^ 10*‘^yr) suggests that either these neutron stars were formed 
recently in the accretion induced collapse (AIC) of massive white dwarfs (Chanmugam 
& Brecher 1987; Michel 1987) or that some old neutron stars have been recently spun 
up to short periods by accretion of matter. In both cases, presence of a companion star 
in a binary orbit is suggested. Given the large number of binary pulsars in GCs many 
of them with 'millisecond' spin periods ^ 25 ms) the ‘standard' model of accretion 
spin up with low magnetic field neutron stars seemed attractive. However there are 
a number of single pulsars as well in the GCs and some of them have relatively long spin 
periods. The implications of the presence of these latter ones (Michel 1993) will be 
mentioned later. 

The preponderance of bright X-ray sources in the globular cluster systems (GCs) 
(where approximately 10% of all known bright X-ray sources are associated with 
^ 10 of the total mass of the galaxy) had led workers to suggest that these sources are 
X-ray binaries formed by the tidal capture of a non-compact star by a neutron star in 
the dense stellar environment of the GC cores (F'abian, Pringle & Rees 1975). Since 
transfer of mass and angular momentum from the companion star to the neutron star 
can lead to a ^bstaiuial spin up of the neutron star (which at a subsequent stage can 
appear as a rapidly rotating radio pulsar see e.g. Alpar et al. 1982) it was natural to 
expect that the GCs could be abundant with fast pulsars as well (Ray, Kembhavi 
& Antia 1987; van-den Heuvel 1988). In the tidal capture process, a close passage of 
a compact star near a main sequence or a giant star (a normal’ star) sets up tidal 
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oscillations in the extended envelope of the normal star, which as a dynamical process 
takes up sufficient energy to lead to the formation of a bound system. In some of the 
tidal captures there is scope for much viscous dissipation of energy in the (convective) 
envelope of the normal star so that the latter may undergo substantial structural 
changes (Ray, Kembhavi & Antia 19K7). The subsequent outcome depends on a variety 
of somewhat uncertain timescales of viscous dissipation and orbit contraction due to 
frictional drag in circumstellar (or common) envelope and that of envelope ejection 
(where applicable). Thus the system might evolve into either 1) a Low Mass X-ray 
Binary (LMXB) directly, or 2) a detached binary after envelope ejection, or 3) a Thorne 
Zytkow supergiant or 4) a neutron star surrounded by a massive disk comprising of the 
stellar debris of the erstwhile companion. A spun up pulsar might icsult through 
channels I) and 4) and in the latter channel, an isolated and fast' pulsar may 
materialize. It is therefore unlikely that the two-body tidal capture alone produces all 
the recycled pulsars in the GCs via either of the possibilities 1) or 4) listed above since 
even in a number of low density clusters like M13 or NGC 6760 ‘millisecond’ pulsars 
have been observed. Clusters like these and M53 differ from the dense clusters like M15 
by almost a I(X)() times in density and yet their detected pulsar populations do not scale 
by the same factors. 

In low density clusters especially, the effect of exchange interaction between primor¬ 
dial binaries and neutron stars could be a source of binary or recycled pulsars in 
globular clusters (Hills 1976). Spectroscopic and eclipsing binaries started being 
discovered in the globular clusters in the mid to late 198()s (see Hut et ul. 1992, for 
a recent review where the binary fraction in globular clusters is suggested to be 
20- 35%). T he cross section for a neutron star to exchange into a hard binary with semi 
major axis given in astronomical units (with a ">> ) can be roughly lOOu^,^ times 

the two body tidal capture cross section (Hut & Bahcall 1983). The rate of h^rmation of 
bina|y pulsars via the exchange mechanism thus depends on the size of the orbit and the 
fraction of the incident binary, which may be higher in the cluster core due to mass 
segregation effects. 

The maximum orbital period P, following two-body tidal capture (after orbit 
circularization due to tidal effects, assumed to take place without angular momentum 
loss from the system), when the target star has approximately the cluster turn-off mass 
(below which it is on the main sequence) is less than a day. To attain a longer orbital 
period, the binary has to expand via mass transfer from a giant companion overlilling 
its Rc)chc lobe where the nuclear evolution of the companion’s core leads to an 
expansion of the envelope corresponding to the star’s ascent of the giant branch 
(Webbink, Rappaport & Savonije 1983). The requirement that the secondary has to 
evolve substantially in the cluster lifetime indicates that the companion has to be more 
massive than the cluster turn-off mass. But if the binary has an initial period of P, ^ U/ 
then after the full nuclear evolution of the companion and a transfer of 0.6M^^ to the 
compact star the orbital period increases to only ~ 10 days. While .sr)mc of the first four 
binary pulsars (with the exception of PSR 1802 07 in NGC6539) with P^^^^ Id listed 
in Table 2 may belong to this category, the last two such as PSR 1310 f 18 in M53 and 
PSR 1620 ~ 26 in M4 (whose orbital periods are an order of magnitude larger than 10 
days) are not easily explained on the basis of two body tidal capture and subsequent 
evolution of a mairr sequence dwarf companion to the red giant stage. Instead these are 
more likely to be the result of capture of a giant star or of a star with developing 
degenerate core by the compact star where the initial period after capture may have 
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been larger. The first four binary systems (except PSR 1802 — 07) in Table 2 with 
^ ]d have orbital periods and companion masses which are consistent with past 
Roche lobe overflow from erstwhile giant companions which developed degenerate 
cores of mass corresponding to the current companions (Sweigart & Gioss 1978). On 
the other hand a system like PSR 2127 + 11C which is a binary containing two neutron 
stars with = 0.335 cl and eccentricity = 0.68 and is similar to the well known binary 
PSR 1913 T 16 may have evolved from an exchange collision involving a single neutron 
star and a binary containing a neutron star with a main sequence or a giant companion 
(see Phinney 1992 for a detailed discussion). 

Note that among the binary pulsars listed in Table 2 with P^^^^ $$ hi, a majority have 
very low mass companions (except for PSR 2127+ 11C in M 15), whereas the ones with 
larger orbital periods have somewhat more massive companions. The mass range of the 
companions of the wider binaries are broadly consistent with remnant masses of cores 
of nuclear evolving companions undergoing Roche lobe overflow and mass transfer 
onto the compact star as outlined by Webbink ei n/. (1983). A plot of the binary pulsars 
of Table 2 on the plane clearly separates out the ultra-low mass binary 

pulsars from the moderately massive companioned (0.1 — 0.3 ) pulsars suggesting 
different evolutionary mechanisms. The spread in the spins of the two classes are 
comparable but the orbital range of the latter class is much wider. 

There are a number of binary pulsars with orbital periods less than a day that have 
small mass functions and (implied) ultra-low mass companions. One of them PSR 
1744 - 24 in Ter 5 is an eclipsing pulsar with ^ ^ GCTerzan 5 and has 

an orbital period of = 1.81 h with a 0.089 (M^^/sin 0 companion (Lyne et al 1990). 
Kluzniak et al. (1992) have argued that the possible evolutionary histories of eclipsing 
pulsar PSR 1744 - 24 allow the Ter 5 pulsar to be the progenitor of a PSR 1957 + 20 
type system. More generally, a system like this could be reincarnated many times as 
a LMXB and a radio-pulsar binary, with the two phases alternating, In fact. X-ray 
burst sources in globular clusters could have had as their progenitors binary mil¬ 
lisecond radio pulsars similar to this one. If a pulsar is as energetic as the PSR 
1957 + 20, then energetic radiation from the pulsar can lead to a gradual evaporation of 
the companion (Kluzniak ei al. 1988). However, it is likely that this mechanism is not 
operating in the case of PSR 1744 — 24, since the spin-down luminosity of this pulsar is 
expected to be substantially smaller than that of PSR 1957 + 20 as the former has a spin 
period almost an order of magnitude larger than that of the latter. Instead, the orbit of 
PSR 1744 — 24 should be decaying because of gravitational radiation losses and at 
a future date this pulsar can become an X-ray binary like 4U 1916 —05 or 4 U 
1820- 30. 

PSR 1718 19 discovered in NGC 6342 (Lyne et al. 1993) is a long spin period 
(^.spin ~ 1004 sec) pulsar in a 6.2 hr binary system and has a strong magnetic field 
implied from its spin down rate (B = 1.5 x lO^^G). It is also undergoing long eclipses of 
the pulsar and the binary seems embedded in a cloud of material originating from the 
companion star which is (currently) 0.1 — 0.2 Mq in mass. Zwitter (1993) has argued 
that the companion is a stripped main sequence star which started out with turn off 
mass but is currently a star of 0.2 - 0.4 in shell hydrogen burning phase which has 
grown a helium core of 0.1 Mq. The existence of PSR 1718 19 shows that the range 
of magnetic fields spanned in GCs is all the way from low fields characteristic of disk 
‘millisecond’ pulsars to that of the canonical pulsars in the disk whose magnetic fields 
range mainly between 10^' to 10^ ^ Gauss. Since any neutron star which was born in the 
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first generation of Supernova explosion of massive stars m the GCs must nect^ssarfly be 
very old, the presence of this high field pulsar would imply that either a) neutron star 
fields do not decay with time or b) neutron stars must also be forming relatively 
recently, perhaps not through the canonical process of implosion of the cores of 
massive stars, but through the AlC of white dwarfs. The AIC route has been favoured 
by Ergma (1993) while Wijers & Paczynski (1993) have argued preferentially in support 
of a tidal capture of a low mass star (with a somewhat uncertain upper limit of 0.35 Mq) 
by an old neutron star which is currently in a phase between the capture and onset of 
a low mass X-ray binary phase (see also Kluzniak et ai 1992). Furthermore, Wijers and 
Paczynski suggest that the two different channels of formation may be distinguished by 
a search for the companion in the 1-band and the expected difference of the luminosity 
of the companions in the two channels. The slow pulsars must be having relatively 
strong magnetic fields to be detected at the distances of GCs due to limiting flux levels 
(Michel 1993), Since it is less likely to find such a pulsar which remains detectable for 
a small fraction of the GC lifetime, there could be a large number of predecessor pulsars 
in the GCs which have formed previously but are currently too faint. 


3. Pulsar population and birthrate in globular clusters 

When the first pulsar PSR 1821 —24 was discovered in GC M28 (Lyne et ai 1987) it 
was realised that this pulsar represented only the 'tip of the iceberg’ and that there 
should be many more pulsars in the GC systems (Kulkarni, Narayan & Romani 1990; 
hereafter KNR). This was because of the high radio luminosity of this pulsar 
(^ 4 ooMHz^^ 00 mJykpc^, which is typically three orders of magnitude greater 
than the minimum luminosity of pulsars, =5:; 1 mJykpc^ (Dewey et ai 1985)). KNR 
estimated ^ 1500(1 -I- (total number of GC pulsars ^ 10"^). As the number 
of detected pulsars both in totality in the GCs as well as in a few clusters like Ml5 
and 47Tuc are much larger now than the sample size used by KNR, some authors have 
simulated the spin period distributions in a given cluster like M15 or 47Tuc (Michel 
1993). Michel’s figure 2 as well as tables 3 and 4 taken together imply that the number 
of pulsars detected plus the ones which have become undetectable is about 7000 
which is broadly consistent with the analysis of KNR as well as Johnston, Kulkarni 
& Phinney (1992; JKP). However, the binary pulsai detected recently by Lyne et ai 
(1993) in NGC 6342 having a spin period of 1.004 sec and a field of 10' ^ Gauss would 
have a large weighting factor and would imply that there are a large number of systems 
like this which have formed in the past and are now too faint to be detected. If one 
repeats Michel’s analysis with the twelve GC pulsars occurring solely in binaries 
a magnetic field distribution very similar to his figure 2 results, only slightly displaced 
parallely. This diagram for GC binary pulsars has a gap between inferred magnetic 
fields of 10'° to 10'^ Gauss, but this is most likely due to the small number statistics of 
the spin period distribution of binary pulsars. It has been argued in the literature (Chen, 
Middleditch & Rudcrman 1993) that radio pulse profiles of most fast pulsars in the GCs 
are quite different from those of the fastest pulsars in the galactic disk and this is difficult 
to reconcile with the canonical spin up and recycling model. It is therefore possible that 
rather than being greatly ‘spun-up’ by accretion in a recycling scenario, some of the 
globular cluster pulsars are born spinning rapidly as for example in the Accretion 
Induced Collapse. 
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Abundance of neutron stars in a given globular cluster may depend on several 
dynamical properties of the host GC' (e.g. mass of the cluster, escape velocity from the 
cluster) as well as the distribution of stellar masses (among which are the progenitors of 
the neutron stars) when the cluster forms. If the dominant process of formation of 
currently observed pulsars is the two body tidal capture of a neutron star by an 
extended star then the number ot capture products can be written as a function of the 
values of the parameters in the GC core because neutron stars sink to the cluster centre 
due to mass segregation. However, there are clusters where three-body processes rather 
than two-body processes like above are expected to be dominant and JKP have 
parameterized this by an y. less than unity and investigated the cffccl of weighting 
function VV x ffM, as well as the steepness y of the pulsar radio luminosity function 
dN/d/. X L ^ to find the statisLically most likely distribution of pulsars in the GCs. The 
inferred number of pulsars produced in the GCs (whether currently active or dead) 
range from 5(KV/^ to 2500 /f, with y 2 and = I '2. These numbers are somewhat 
larger than another estimate made by Wijers & van Paradijs (1991; WvP) who 
estimated to be less that 300//;, to 700//;,. Here J], is the beaming fraction 
(0.2 11. JKP have argued that Wijers and van Paradijs have obtained the 

numbej of currently active pulsars (born in the last 3 x lO^yrs) whereas the KNR and 
JKP rates pertain to the total number of pulsars in the GCs produced so far. It is to be 
noted however that the JKP method docs not bring into their analysis explicit 
restriction to any particular region of the B plane whereas WvP analysis do 

(being an estimate of the currently active pulsars). With the discovery of the I s pulsar in 
NGC 6342, the 'allowed’ region should considerably expand (corresponding to fainter 
luminosities). It is possible that a reanalysis of the currently available data might bridge 
the discrepancy between the two methods even for their preferred choice of y. 

The large number of pulsars in GCs was thought to pose a problem for the birthrate 
of pulsars with respect to that of their presumed parent population the neutron star 
X-ray binaries (hereafter NS x Bs)(KNR; Bailyn & Grindlay 1990). The birthrate oft he 
pulsars would be nearly two orders of magnitude larger than the birthrate of their 
presumed progenitors the NSXBs. There is a possibility that the l.MXB progenitors 
of GC pulsars form a population distinct from the observ ed NSXBs (Ray & Kluzniak 
1990). If a small fraction (say 10%) of LMXBs were long-lived (t^ ^ IO'^ yr) whereas the 
remainder had a shorter lifetime (say, 10^ yr), then ^ 90% of NSXBs active at present 
would be of the long lived variety, whereas ^ 90% of the pulsars ( recycled’ or AlC) 
would derive from the more numerous short-lived LMXBs. In this way, the high 
accretion rates necessary for the accelerated LMXB evolution can be reconciled with 
the rather low accretion rates for GC NSXBs actually observed (rates of 10 
yr ' are inferred from their low luminosity and from the presence of X-ray bursts). 
Note that as far as the short-lived systems are concerned, models for eclipsing binary 
pulsars (Kluzniak et al. 1988) involving self-sustained wind from a very low mass 
companion do indeed involve a strong mass transfer phase, possibly decreasing the 
LMXB lifetime to 10^ yr. 

However Kluzniak et al. (1992) have argued that there seems to be no compelling 
reason to assume that millisecond pulsars in GCs must have passed through a long 
lived X-ray binary phase. For example, collision of a compact star with an ordinary 
(primordial) ninary system may result in the disruption of one of the target stars and an 
accretion of ^ 0.1 on hydrodynamic timescales (Krolik, Meiksin & Joss 1984). This 

is not to imply that no millisecond pulsar is actually spun up in a low mass X-ray 
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binary. It is possible that a binary neutron star system may allcrnale a few limes 
between the X-ray phase and the radio pulsar phase. This might happen m short orbital 
periods and rapidly spinning pulsars. The endpoint of such an evolution could be 
a millisecond pulsar, but so could be the starting point. This evc'tluticmarv sequence 
may provide a natural resolution to the statistical diniculty posed bv the large number 
of millisecond pulsars and the small number i>f low mass X-iay binaries present in (iCs. 
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Pulsar Observations with the GMRT 

A. A. Deshpande Raman Research Institute. Bancjalorc 5N)0S0, India 

Abstract. The Giant Meler-wave Radio Telescope (GMRT) being built 
by the National Centre for Radio Astrophysics of TIFR near Fhinc will 
become one of the most sensitive instruments for pulsar research. In this 
paper, we describe briefly the planned pulsar observations with the GMRT. 
We also discuss in some detail the design of instrumentation being built by 
RRl and NCRA for this purpose. 

Key words: Pulsars -observations instrumentation. 


1. Introduction 

7'he Giant Meter-wave Radio Telescope (Swarup et al. 1991), which is presently under 
construction, when completed will undoubtedly be one of the most sensitive instruments 
for search and observations of pulsars. The large effective collecting area (30 dishes of 
~ 1000area per dish) and sufficiently wide bandwidth (32 MHz) that would be 
available, needs to be supplemented by suitable back-end insliumentation which takes 
into account some special requirements for pulsar observations. A major collaborative 
effort is on between the National Centre for Radio Astrophysics (NCRA), F^une and the 
Raman Research Institute (RRF), Bangalore, to design and build the required instrumenta¬ 
tion and to develop the necessary analysis software for pulsar observations with GMRT. 

The observational program envisaged by the staff of NCRA and RRl maybe broadly 
classified as follows; 1) Pulsar Search and 2) Studies of known pulsars. In the following 
sections we discuss them separately as they require different strategies. 


2. Proposed pulsar searches at GMRT 

Most of the ~ 6(K) pulsars known till date have been discovered in major surveys 
conducted with several single-dish telescope in the world, usually at frequencies near 
400 MHz. Majority of the known pulsars lie within 3 kpc from the sun indicating that 
a large population that lies farther away from us is yet to be discovered and can be 
revealed only in relatively deeper searches. 

The searches proposed with the GMRT are designed to be substantially deeper than 
most of the major existing surveys and to retain high sensitivity down to millisecond 
periods even for objects at large distances. The proposed searches include extensive 
surveys, one in the Galactic plane and another at high galactic latitudes, as well as 
many targeted searches in the directions of supernova remnants, globular clusters, 
steep spectrum sources etc.. 

The parameters in which the search is routinely made in the major existing surveys 
are confined to direction, period, dispersion measure and duty cycle of the pulse. In the 
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proposed search program, an extra dimension of the acceleration will be included for 
routine search to retain sensitivity for short period pulsars in relatively tight binary 
systems. 

While conducting large scale surveys one invariably looks for a trade-oh’between the 
sensitivity and the speed of a survey. Pulsar search sensitivity depends not only on the 
effective collecting area, center frequency, total bandwidth, number of polarisation 
channels and integration time used, but also on the time and frequency resolutions. The 
speed of a survey on the other hand depends on the integration time per held, the sky 
area per held and the total sky area to be surveyed. In the case of GMRT, a trade-off 
between the effective collecting area and the sky area per held is the main consideration. 
We have considered two possible modes, namely, 'a phased array mode’ where the dish 
outputs are added before detection to have the maximum available collecting area in 
the direction of the phase center, and ‘an incoherent array mode' where detected 
outputs from the dishes are combined giving an effective collecting area of .j'N times 
the area of single dish (for N dishes). In the lirst mode, however, the held of view will 
alw ays be much smaller (equal only if the array had been most compact) than (1 /N) of 
that in the later mode. Hence, we plan to use the ‘incoherent array mode’ for pulsar 
surveys while for some targeted searches all the .30 dishes of GMRT used in the ‘pha.scd 
array mode’ would offer a more attractive possibility. 

Then, for example, a GMRT survey at high galactic latitudes (h;; > 15 ) would go 
--3,5 times deeper in flux density than the on-going Parkes survey (Bailes, in this 
volume), requiring a total of about l(X)0hrs. of observing at 327 MHz (using 512 
channels over 32 MHz bandwidth, 250/isec sampling, 2 polarization channels, and 
5-minute integration per held). For searches in the galactic plane, however, observing at 
610 and 1420 MHz would be more appropriate. 


2.1 InsirumerUution for pulsar search 

This section describes briclly the digital instrumentation being developed for use in 
the proposed pulsar searche.s with the GMRT. The complex spectra available from 
each of the 30 dishes will be combined in two different ways (as discussed above) 
using an ‘Array Combiner’ designed to produce ‘phased array' and ‘incoherent array’ 
outputs (Deshpande 1989). One of these two outputs will be selected and fed to a 
‘search preprocessor’ (.sec Ramkumar ct ai 1994, for details on this preprocessor) 
where the power spectra will be integrated in time and the fluctuations of the spectra 
around its long-term mean will be output for recording. Fig. 1 shows a schematic of 
this hardware. 

The survey data per held would be typically - 1 Gsamplcs from a 5 minute 
observation. For real-time speed of processing, 500 M FLOPS of computing power 
would be necessary. As an inexpensive solution to meet such demanding require¬ 
ments, we are developing a special purpose pipeline processor which will have hxed 
functions while ofl'ering the required flcxibilit> in the parameters of the function. The 
data read from a play-back system will pass through a PC where the dispersion 
gradient will be linearized and output to the pipeline processor. As shown in Fig. 2 the 
pipeline processor would consist of a memory that would store 1 Gsamples for a given 
held, follow ed by an incoherent dedisperser and a long-FFT module. The dedisperser 
would consist of intelligent memories and adder networks. The dedisperser working at 
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Figure 2. A simplified block diagram of the ofT-line processor for pulsar search data. 


typically 3 MHz throughput rate would produce a (few) Mega-point output, corre¬ 
sponding to each one of (typically) ^ 800 dispersion measures to be searched, every 
third of a second. An already dedispersed output, will be resampled corresponding to 
an assumed acceleration and will be Fourier transformed at a fast rate and will be sent 
to a general-purpose computer having moderate computing capability (30- 50 
MFLOPS). All the flexibility in harmonic folding, candidate selection etc. can then be 
achieved through the general-purpose computer. 


3. Studies of known pulsars 

The possible studies of pulsar can be classified in three main areas of interest, namely; 
emission mechanism, timing of pulsars, and studies of the intersteller medium using 
pulsars as probes. Multi-frequency polarimetry with high time-resolution average 
profiles and single pulse studies including those of microstructure are of importance in 
the context of pulsar emission mechanism. For pulsar timing, again, high time 
resolution is a prime consideration while for some studies of ISM where moderate/fine 
spectral resolution is desirable it is possible to sacrifice time resolution. The trade-olT 
one looks for here is between the resolutions in time & frequency and the sensitivity 
except when one is interested in microstructure studies. 

As the considerations of field of view are unimportant while observing known 
pulsars, as many of the GMRT dishes as possible can be used in the ‘phased array 
mode’ to enhance the sensitivity. At high frequencies, where ionospheric phase errors 
are expected to be less, il should be possible to use most of the GMRT dishes in 
this mode. 
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3.1 Instrumentation for pulsar observations 

A state-of-art on-line digital processor is being developed to meet the signal processing 
requirements for most of the above studies. As shown in Fig. 3, the phased array output 
available from the 'Array Combiner’ will be fed to the on-line digital processor. The 
phased array output can also be ^aved on to a S2 recorder after transforming the 
spectra back to time sequences. This provision will be used for off-line coherent 
dedispersion and also for VLBI experiments between GMRT and the Ooty Radio 
Telescope (e.g. to measure pulsar proper motions). 

The on-line processor is designed to accept 4 complex voltage spectra correspond¬ 
ing to two side bands of 16 MH/ for each of the two polarization channels. This 
processor consists of a full polarimeter (including a provision for corrections for 
differential Faraday rotation), an incoherent dedisperser, and facilities for smoothing, 
synchronous averaging, gating etc. The processor will be programmable and flexibly 
configurable to use various combinations of the processing steps. Due to the use of 
incoherent dedispersion the time resolution attainable with this processor (at 
610MH/)isal best 16/is. 

An ofl'line coherent dedisperser is being developed by NCR A to achieve improved 
lime resolutions necessary for microslructure studies and for timing of millisecond 
pulsars. More details of this system can be found in Izhak et u/. (1994). With this system 
the time resolution will be improved to half a microsecond. 


4. Progres.s report 

A limited version of the preprocessor for search has been succesvsfully developed and is 
already in use with the Ooty Radio Telescope for a survey of high galactic latitude 
pulsars (by NCR A and RRl). A 4-dish ^Array combiner and a 'search preprocessor is 
ready for installation at GMRT. The Array combiner for 30 dishes, the on-line 
processor (including the polarimeter), the olTlinc coherent dedisperser and the post¬ 
processor for search data arc in the pipeline and are expected to be available during 
1994. 
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Evolution of the Magnetic Fields of Neutron Stars in Low-mass 
Binary Systems 

M. Jahan & D. Bhattacharya^ 

^ Raman Research Institute, Bangalore 560OSO, India 

^Joint Astronomy Program, Indian Institute of Science. Bangali)rc 560 012, India 

Abstract. We investigate the evolution of magnetic fields of neutron stars 
in 'wide' low-mass binary systems due to the spin-down of the neutron star, 
resulting from an inleractiim with the stellar wind of the companion. We 
assume that magnetic flux from the neutron star core is expelled to the crust 
as the neutron star spins down due to the proposed vortex-fluxoid pinning 
interaction in the superfluid interior (Srinivasan et cil 1990). Once deposited 
in the crust the field will then decay due to ohmic dissipation. We construct 
models with a range of donor masses, orbital periods, mass-loss rates, and 
assumed ohmic decay timescales in the crust, and compute the final 
magnetic field strengths of the neutron stars. We find that the magnetic 
fields of millisecond pulsars, as well as other low-mass binary pulsars may 
be well accounted for by this mechanism if the ohmic decay timescale at the 
bottom of a neutron star crust is 10^^ years. The models seem to further 
indicate that an asymptotic value ~ 10*^ G is the lowest possible field 
strength obtainable by this mechanism. 

Keywords'. Neutron stars pulsars magnetic fields binary systems. 


1. Introduction 

The low magnetic field strengths (> 10” G) of millisecond pulsars could be due either to 
their progenitor neutron stars being born with such low fields or to a decay of their field 
strengths in course of evolution. Recent analyses of observational data suggest that 
magnetic fields of isolated neutron stars hardly decay in time scales 10^ yr (Bhat- 
tacharya & Srinivasan 1993; Srinivasan 1991; Wakatsuki et al. 1992). The large 
preponderance of low-field pulsars in binary systems, however, indicates that the 
processing in a binary causes a reduction of the field strength of a neutron star (Bailes 
1989; Bhattacharya et al. 1992). 

One suggested mechanism for such a field evolution is a spin-down induced field 
expulsion (Srinivasan et al. 1990), which advocates the following scenario: 

■ An increase in the spin period causes the magnetic field to be expelled out of the core 
into the crust, where it will decay due to ohmic dissipation. The expulsion is expected 
as a result of the interpinning of proton superconductor fluxoids (carrying magnetic 
field) and neutron superfluid vortices (carrying angular momentum) in the neutron 
star core. With spin-down, superfluid vortices migrate outward, carrying fluxoids 
with them. 
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■ In the evolution of low-mass binaries a prolonged spin-down (‘propeller’) phase is 
likely to take place, resulting in a period > 10^ sec, and a consequent reduction in the 
core flux. 


2. Tht present work and results 

In this work we model the evolution spin periods and magnetic fields of the neutron stars in 
wide low-mass binaries, which are believed to be the progenitors of low-magnetic-field 
pulsars. We adopt the above field-decay mechanism and seek the conditions under which 
an efficient spin-down phase (due to interaction with the stellar wind of the donor) 
might be realised, resulting in a low magnetic field of the descendant millisecond pulsar. 
We construct our evolutionary models based on the following premises; 

■ Wind matter can penetrate into the star’s magnetosphere if ram pressure of the 
accretion flow (M^.J exceeds the pressure of dipole radiation. 

■ At the Alfven radius interaction of the flow and the magnetic field causes the spin 
period P to increase or decrease depending on the relative value of the two velocities 

^corotation and ^’lepun.n at R^: 

PcfHV -V ) 

^ S'” corotalion ^keplcrian' 

where P is the rate of change of P and ^ is an efficiency factor 

■ The core field B^ decreases with an increase in P. 

■ The surface field P, approaches exponentially with a time constant i, and they are 
equal at the start. 

■ Instantaneous B^ and determine the instantaneous 

■ Changes in orbital separation occur due to exchange and losses of angular momen¬ 
tum and mass. 

Wc follow' the coupled evolution of P and P, and determine P^ after 10‘^’yr, for the 
following ranges of variables; Donor Mass M^. 0.8 — l.O M j , Initial P; 0.4 1.0sec; 

Initial P,- P,: lO''^ 3 x 10"= G; r; 10" - 10'^^vr; 0.01 - 1.0; Initial P^,^: 1 -300 

day. We confine ourselves to ‘wide’ binaries, with initial orbital periods greater than 
^ 1 day, to ensure that the entire main-sequence lifetime of the secondary is spent in 
a detached phase. 

The results of these computations, namely the final P, values are plotted (Fig. 1) 
against the initial orbital periods for one set of t, /V/, and Circles represent the 
data for six observed binary pulsars (0820-1-02, 1620-26, 1953 3- 29, 1855 + 09, 
J1713 -h 0747, and J2019 -I- 2425), descended from wide low-mass X-ray binaries. 


3. Conclusions 

1. Magnetic fields of 10^ - 10‘^ G, similar to millisecond pulsars, can be obtained under 
variety of circumstances, provided 10^ -^>T>10«-^yr. 

2. P, ~ 10” (j is a lower limit for the field strength of a recycled pulsar, and its value is 
decided by the lowest possible initial field strength and spin period of a new born 
neutron star. 



Evolution of Magnetic Field 


233 


^ M2=1.0 Log t= 9.0 f-1.00 



Figure I. Pinal surface magnclic licld strenglhs of neutron stars in low-mass binary systems 
with dilTerent orbital periods. Intial spin /* = 0.4see, initial surface and core B - l.(K) /: 4 12Ci. 


3. Reproduction of the observed trend of final field strengths as a function of initial 
orbital periods is encouraging, especially in view of the wide range of possible initial 
conditions. 

4 Old solitary neutron stars are expected to have ^ 10’' G. 

5. Extension of the work to the case of very tight orbits < 0.5 day), as well as the 
binaries with high-mass donor stars would provide further constraints on the 
scenario. 
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Millisecond Pulsars as Sources of y-Rays for Globular Clusters and 
Galactic Background 

V. B. Bhatia, S. Mishra & N. Panchapakesan Department of Physics and 
Astrophysics, University of Delhi, Delhi 110007, India 

Key words: Pulsars- gamma rays galactic background. 


1. Introduction 

A large number of millisecond pulsars (MSl*s) have been discovered in recent years in 
the globular clusters of the Galaxy. Some estimates say that their number may be 
lO"^ 5 X lO'^. Many MSPs have been found in binary groups. The magnetic field of 
these pulsars has been estimated to be 10^- lO^^’G. MSPs arc believed to be the 
resurrected run down pulsars, spinning up being due to accretion from their compan¬ 
ions. Theory suggests that an MSP acquires period given by 

P- X 10”/Af,^/yrt- '^'"ms, (1) 

where i,s in units of lO^G. The maximum value of M is per yr (Eddington 

rate). On the basis of observed periods, the period distribution suggested for MSPs is 

= ^ ( 2 ) 

where 1.6 ms and !x=1.4 for P > P^in Because of short periods MSPs 

are expected to be the sources of y-rays for the globular clusters and galactic 
background. 

I’he magnetic field of a pulsar has been modelled as consisting of closed (corotating) 
and open field lines. Charged particles get accelerated along the open lines and emit 
curvature radiation. The model of Scharlemann ef «/. (1978) gives the energy acquired 
by an electron as 


y - 1.23 X la'i^^y-^P (3) 

where P/lO^cm. The typical energy of a curvature photon is given by 

E, = 3hQrV2, (4) 

the total power radiated by an electron is 

/-2e">'^QV3c’, (5) 


and the total power emitted at frequency v is 
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where B is the field at the point of emission and corresponds to E,. The net rate 
of emission of electrons from the polar caps of a pulsar is given by (Goldreich and 
Julian 1969) 


N = n''BRV2ce 


(7) 


2. Globular clusters 

Using equations (3), (5) and (7), we get the y-luminosity of a pulsar as 

L^,-9.2 X -^ergs V (8) 

With the help of pulsar period distribution we get the luminosity of a globular cluster: 

Lf - 3.8 X ergs \ (9) 

where is the number of MSPs in a cluster. This estimate is within the range of 
modern detectors. 


3. Galactic y-ray background 

The number of photons emitted by an electron in one second in the frequency range 
is j[P(v)/fiv]dv. Making reasonable assumption about the lifetime of an 
electron, we gel the ys emitted per sec by an MSP in the range E, - E 2 (measured in 
units of EJ: 

where E(E) stands for E fd^^ The local production rate of ys can now be written 

as; 


q = (\/4k) 


I 


N^.p^{P}dP. 


( 11 ) 


The suggested space distribution of MSPs in galactocentric coordinates is 

p{R,Z) = (N,/47iR^Zo)exp[ -(K/R,) - (|Z|/Z„), (12) 

where Rg( = 4kpc) and Zg( = 0.3 kpc) are the scale factors, and N, is total of MSPs in 
the Galaxy. Equations (11) and (12) give y-ray flux due to all MSPs in the galaxy; 




qp(R.Z.0)dRdZdO. 


(13) 


We transform to galactic coordinate and integrate for 7" between 3(X)' and 60" for 
h" -^ +0, ±5, ±10, ±15. 
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Figure 1. 


4. Results 

Curve 2 in Fig. 1 shows the intensity for MSPs alone for N, = 5 x superposed on 
observations. Curve 3 shows the same if N, = 10'^. Curve 1 shows the intensity due to 
N, = 10^ together with contributions from other suggested processes: (i) decay, (ii) 
bremsstrahlung by CR electrons and (iii) Compton scattering of microwave back¬ 
ground photons over CR electrons. We find that y-rays from MSPs in the Galaxy can 
explain the galactic y-ray background entirely or in a substantial measure. 
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A Digital Signal Pre-Processor for Pulsar Search using Ooty Radio 
Telescope 

P. S. Ramkumar,T. Prabu, Madhu Girimaji, & G. Markandeyulu^ Raman 

Research Institute, Bangalore 560080, India 
^ Tata Institute of Fundamental Research, Pune 411 007, India 

Abstract. A fast digital signal processor has been designed and built for 
observation of pulsars and for pulsar search. This processor obtains 
spectral information over a bandwidth of 8 MHz (256 channels) every 
256 //secs. In this paper, we describe the design of this processor and present 
some test observations made with the Ooty Radio Telescope. 

Key words: Pulsars—instrumentation. 


1. Introduction 

A digital signal processing instrument suitable for pulsar observations and survey using 
the Ooty Radio Telescope (ORT) has been realised. The ORT consists of a phased 
antenna array operating at 327 MHz with a beamwidth of 0.2sq. deg. and uses 
mechanical steering in hour-angle and electronic phasing for a required declination. 
The receiver noise temperature is about 100 K. A SSB receiver with 8 MHz bandwidth 
provides the video band used for our digital signal processor. 

2. Design philosophy 

The design philosophy adopted in this excercise is aimed at reducing the cost of the 
machine while retaining flexibility and operational simplicity. Shortcuts to extensive, high¬ 
speed computations have been provided through the use of lookup table approach. At 
places where lookup table approach is not appropriate, dedicated logic has been designed, 
and programmed into Erasable and Programmable Logic Devices (EPLDs) which have 
the desired advantages. In addition, their use makes it fx:)ssible to design the entire machine 
using only 2 layer PCBs and reduce the development time substantially. 

A PC/AT is used for general control and for configuring the machine in a user 
selected mode. The choice of a PC/AT to setup the machine is due to the large software 
base available under MS-DOS in addition to the hardware flexibility. 


3. Hardware description of the machine 

3.1 Digital froni-end 

The digital front-end for this machine consists of an A/D convertor which samples the 
baseband signal at Nyquist rate and feeds them to a FFT engine. The FFT engine 
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produces an output over 256 spectral channels which are sent out serially. Tne FFT 
card is based on VLBA ASICs. 


3.2 Search pre-processor 

This is based on a part of the design of pulsar instrumentation to be built for use at 
GMRT (Deshpande 1989). The complex numbers representing the voltage spectrum 
produced by the FFT engine pass through lookup tables for conversion to a power 
spectrum, followed by a programmable pre-integrator, which pre-integrates between 
16 and 256 samples. The pre-integrated values from each of the 256 channels are used 
by a control PC/AT which computes running mean over ^4 sec to ::t:64sec. This 
running mean in subtracted from the pre-integrated data and the difference is quan¬ 
tized to 1 bit. Such quantization, although it worsens the sensitivity by a factor of 0 8 
(Biggs, Lyne & Johnson 1989), helps reducing the effective data rate. A 2-bit quantiz¬ 
ation option is also provided and in this mode a lookup table based gain calibration 
unit is programmed by the same PC with scale factors obtained from the running mean. 
The quantized bits are then packed into 16-bit words and recorded onto a 2.4 GBytes 
hard disk drive of a PC/AT-based data acquisition system (DAS, built to handle data 
rates upto 128 KBytes/s). The DAS is equipped with FIFO buffer to accommodate the 
seek-time latency of the hard disk. The data can be periodically backed up onto an 
8 mm video tape using an Exabyte Video Recorder. All the modules run through 
automated diagnostics while being setup by the control PC. 

A set of serial links have been developed between the C(^ntrol PC, the DAS-PC and 
a PC/AT positioning the telescope. This link has automated observational procedure 
substantially. Also, the total power measurement and the bandshape are recorded for 
calibration. A block diagram of the entire receiver is shown in Fig. 1. 
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(b) 



Figure 2a &. b. Pulsar profiles observed using the machine. 


4. Results 

Several known pulsars have been observed using this instrument. Some of the profiles 
of the observed pulsars are shown in Fig. 2. 
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Coherent Dedispersion System for GMRT 

S. Izhak, Y. Gupta & C. R. Subrahmanya National Centre for Radio Astrophysics 
{TIFRf Postbag 3, Pune 411 007, India 

Abstract. A coherent dedispersion system is being built for high time 
resolution observations of pulsars at GMRT. Based on the requirements 
and the available back end, a scheme has been worked out which essentially 
does an offline coherent dedispersion on the time domain signal played 
back from the S2 recorder. The coherent dedispersor is based on high speed 
DSP chips. The design described here is optimized to give sub microsecond 
resolution at 610 MHz. 

Keywords: Pulsars instrumentation coherent dedispersion. 


1. Requirements for coherent dedispersion 

The dispersion of the pulsar signal can be viewed as a convolution with an impulse 
response characterizing the interstellar medium (Hankins Sl Rickett 1975). In our 
scheme Mie deconvolution required for dedispersion is done in the frequency domain, as 
this requires lesser computation eflbrt than in the time domain. The length of the 
impulse response is given in terms of the number of samples, by the following equation 
(Gupta 1991): 


N = 2{2i)2/fy DM Sfe (1) 

For a typical case of DM^lOOpccm ^ at center frequency / ^ 610 MHz and 
bandwidth (5/ ^16 MHz, the length N is ^ 1 million. However for most GMRT 
frequencies it will not be necessary to coherently dedisperse more than 1 2 MHz, as the 
resolution will be limited by interstellar scattering, h or the above set of parameters and 
for fV ~ 1.6 M Hz, the block length (N) would be 16 K. For such a choice of parameters 
a resolution of better than 1 /isec is obtained. The N tap deconvolution when carried 
out in frequency domain by overlap and save, requires 2N point DPT, a 2N point 
complex multiplication by the inverse of the transfer function of the interstellar medium 
and then inverse DFT of the same length. Computational bottle neck arises at the 
DFT/IDFT stage, the rest can be carried out easily. 


2. Implementation 

The signal will be available as the DFT of the phased array sum from 30 antennas of 
GM RT in four channels two circular polarizations and two sidebands. The details of 
the configuration arc shown in Figs. 1 and 2. The phased array sum is inverse 
transformed to get the time domain signal and then suitably formatted before recording 
on S2 recorder. The coherent dedisperion is done offline on each channel of this data 
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Figure 1. The functional block diagram of the Coherent Dedispersion System (CDS) for GMRT 
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Figure 2. The details of one of the four modules of CDS. 
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separately, one subband at a time. The playback data is passed through a 128 tap 
decimating FIR filter (based on HSP 43220) to obtain a subband of about 2 MHz. This 
is packed as N point complex data block by the I/O node and is passed onto the four 
modules that make the core of the coherent dedispersion system. Kach of the modules 
consists of two general purpose DSPs (ADSP 21020)- one devoted to performing 
a forward transform and the other the inverse. The multiplication of the DFT of the 
signal with the transfer function of the ISM is carried out by the latter DSP before 
performing the inverse. The modules work independently, each one processing one 
block of data. The dedispersed data is sent back to a standard interface for storage 
through the I/O node. Some amount of processing like folding can be carried out by the 
processor at the I/O node. 
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Pulsar Observations with the 512 Channel Correlator at ORT 

Vivekanand NCRA, Pune University Campus, Post Bag J, Pune 41 / 007, India 

Abstract. The 512 channel correlator at the Ooty Radio Telescope (ORT) 
has been in use for some time now, for pulsar observations. Three observa¬ 
tional programs are currently under way; (a) the pulse nulling phenomenon 
in pulsars, (b) search for low period pulsars along specific directions in the 
sky, and (c) dynamic spectra of pulsars for studying refractive scintillations 
in the interstellar medium. A brief description of the projects is given along 
with some preliminary results. 

Key words: Ooty radio telescope pulsar^search - nulling. 


1. Introduction 

The 512 channel one-bit correlator was the main back-end at ORT, which has recently 
undergone considerable improvements (Vivekanand 1993). This machine has been in 
use for some time now for pulsar and spectral line observations. Pulsar observations 
require high time resolution for observing the narrow pulses, and reasonable radio 
frequency resolution for de-dispersing the pulsed signals. The minimum sampling 
interval currently available is ^ 3 milli seconds, with a frequency resolution of 32 
channels within the 9 MHz pass-band of ORT. Described below are three pulsar 
projects that are currently under way: 


2. Targeted search for low period pulsars 

Pynzar & Udalstov (1989) have identified eight point sources in the sky as suspects for 
low period pulsars (periods ^ 10 ms). This came out of their scintillation survey at low 
radio frequencies. These eight regions are currently being searched for pulsars. With 
a sampling interval of 3 ms, this search is sensitive to pulsars with periods ^ 12 ms, and 
dispersion measures ^ 100 pc cm with a limiting sensitivity of 1 to2mJy. Five of the 
eight regions have been observed so far; the data is currently being analysed. 


3. The pulse nulling phenomenon 

Fifteen pulsars have been observed for their pulse nulling phenomenon, half of them 
being weak pulsars. The fraction of time a pulsar spends in the nulled state a has been 
obtained for ten pulsars; for eight of them a is consistent with previous estimates. The 
new results are: a ^ 2.5% for PSR 0149 — 16 and a 7% for PSR 0942 — 13; the latter 
a is consistent with the pulsar being of the ‘core’ kind (Rankin 1983). The rest of the 
pulsars could not be observed due to their highly variable radio fluxes (most probably 
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(a) OBSERVED HISTOGRAM TOR PSR 0U9-16 (b) DECONVOLVED HISTOGRAM FOR PSR 0149-16 




Figure 1. Histograms of pulse energy distribution for about 7000 periods of PSR 0149 - 16. 
The pulse energy is corrected for interstellar scintillations, and is in arbitrary units, with the mean 
pulse energy normalized to the value 1.0. (a) The observed pulse energy distribution; (b) the 
distribution obtained after deconvolving figure la with the receiver noise distribution. The 
percentage of nulling a is obtained by subtracting, from figure lb, different amounts of the 
receiver noise distribution (which is centered at zero energy), until the distribution looks smooth. 
In this case only an upper limit could be derived. 


due to interstellar scintillations). Fig. la shows the probability distribution of the 
normalized pulse energies (i.e., after correction for interstellar scintillations) for PSR 
0149 - 16; Fig. lb is the same histogram after correction for the effect of convolution by 
the receiver noise distribution. 

The distribution of the burst and null time-scales for PSR 0031 — 07 can be modelled 
in terms of two statistical processes: an exponential distribution with a typical 
time-scale of ^ 2 to 5 periods, and a gaussian-like wider distribution with time-scales of 

20 to 40 periods. It appears that the combination of a burst and the subsequent null 
forms the fundamental time-scale of the nulling phenomenon, of typical duration 85 
periods. 


4. Dynamic spectra 

This part has been discussed by Gupta et al. in this volume. 
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Evolution of the Magnetic Field of an Accreting Neutron Star 
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* Also Joint Astronomy Program, Indian Institute of Science, Bangalore 560012, India 
^A. F. Ioffe Physical Technical Institute, St. Petersburg, Russia 

Key words. Neutron stars—magnetic fields. 


The time scale for ohmic decay of any magnetic field depends upon the electrical 
conductivity of the medium in which the field is embedded. Therefore, in a neutron star, 
owing to very different ph^^sical structure and hence different electrical conductivity of 
the core and the crustal matter, the field evolution time scales differ significantly from 
one region to another. In case of a neutron star accreting matter from a companion the 
crustal matter is continuously pushed into the core since the mass of the crust is finite 
and is limited by the elastic properties of the matter. Thus, if the magnetic flux is 
originally confined to the neutron star crust (Yakovlev & Urpin 1980; Blandford, 
Applegate & Hernquist 1983; Urpin, Levshakov &. Yakovlev 1986), it is evident that the 
field experiences a change in decay time scale as the crustal matter undergoes a phase 
transition in being assimilated into the core. 

We explore two possibilities: a) that the state of the newly formed core material is 
a normal, non-superfluid one, and b) that it goes into a superfluid state. 

In either case, when the accretion takes place, the crustal material is pushed into 
successively more dense regions (before it is finally assimilated into the core). This, 
because of flux freezing, causes compression of the current loops and leads to the 
generation of large wavenumber components of the current. These large wavenumber 
modes have faster decay rates since the ohmic decay time scale is inversely proportional 
to the square of the wavenumber (Landau & Lifshitz 1960). Hence, the magnetic flux 
can decay rapidly via these modes. But once the flux frozen material is completely 
assimilated into the core, the mode of decay will be determined by the nature of the 
newly formed core material. 

a) Normal, non-superfluid n p-e matter: 

For this state of matter, the conductivity has the following features (Yakovlev & 
Shalybkov 1991): 

1) It is highly anisotropic in pre.sence of magnetic field. 

2) It is a strong function of the field strength 

tT^ = (7o(l+^V^5) ' (0 

where 

(Tq is isotropic conductivity in absence of any field. 

Bo = 10®- 10* G for 10®- 10"K. 

3) for B » Bo, (Tq. 
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Since the ohmic decay time scale is proportional to the conductivity (Landau & 
Lifshitz 1960), a region of lower conductivity implies a faster decay for the field. 

1'hercfore, when the crustal material, with a larger field value of the initial field, is 
assimilated into the core, the field undergoes a rapid decay. But this decay rate 
subsequently decreases as the field approaches Bq and approaches the very large 
value of the isotropic conductivity. 

Hence, the field decays initially with a lime scale characteristic of the initial value of 
the field and practically stops decaying after reaching the limiting value of For 
reasonable values of the core temperature (LJrpin & Van Riper 1993), is between lO'^ 
and 10*^ Gauss. 

b) Supcrfiuid, supcrcondui tifuj matter in the care: 

In this state, after having undergone a superfluid-supcrconductor phase transition, the 
conductivity and hence the decay time scale lengthen to extremely large values. 
Therefore, one expects a phase of rapid decay of the field, during the early phase of the 
accretion (before the whole of the original crust is pushed into the core) followed by 
a stable phase for the field configuration. 
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Refractive Interstellar Scintillation Studies of Pulsars 
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The study of refractive interstellar scintillation (RISS) of pulsar signals provides useful 
insights into the distribution of electron density irregularities in the interstellar medium 
(ISM) as well as probe the long term stability of pulsar fluxes. In this context, pulsar 
dynamic spectra arc very useful tools of study. 

In the first part of this paper, we present the results from the study of the evolution of 
the 408 MHz dynamic spectra oF eight pulsars over 16 months The changing form of 
the spectra is interpreted as refractive modulation of diflVactive interstellar scintillation 
The correlation function versus time and frequency was computed for each observation 
and, by fitting a gaussian function, three parameters were estimated: the apparent 
decorrelation widths in frequency and in time, and the Irequency drift rate of scintilla¬ 
tion features. A model is developed for how these three parameters vary with epoch 
under changing angles of refraction, fhe model successfully describes the variations for 
four of the pulsars, for which the drift rale shows some sign reversals between epochs. 
The variability of the diffractive bandwidth his well with the model, including its 
dependence on the strength of scattering, fhe refractive shifts are estimated from the 
data using the model and agree with the expected rms values. The speed estimated for 
the diffraction pattern compares well with the proper motion of the pulsars. Two 
pulsars (PSR 1642 0.^ and PSR0628 28) kept a constant sign of drift rate, which we 
interpret as due to persistent refracting structures in their lines of sight; the inferred 
angle of refraction is about 0.05 mas and the implied electron density is consistent with 
that expected for an HII region. 

New observations of pulsar dynamic spectra are underway using the Ooty Radio 
Telescope at 327 MHz. The aim is to monitor the evolution of the dynamic spectra over 
several refractive time scales. Tour pulsars PSR 1 133 T 1 6 , PSR 0823 ^26, 
PSR 0834 4 06 and PSR 1919 ~f 21 have been observed at intervals of one to two 
days for durations of a few refractive time scales. Preliminary results from these 
observations are reported in the second part of this paper. 

if 'k ir if it 

Pulsational IMode and Detection of Gravitational Wave Source 


R. K. Parui /IC’5\ Imphal Airport. Imphal 795 140. India 


We calculate damping rate per unit eccentricity of toroidal mode and pulsational mode 
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by gravitational radiation. It is found that the damping rale of the pulsational mode 
which becomes the quadrupole mode (emits gravitational wave) has a minima at 
e = 0.72 for y — 4/3, and 8/5 whereas both the pulsational mode with y = 5/3 and 
toroidal mode have no minima. Our suggestion is to measure damping rate of 
pulsational mode only in the programme of detection of gravity wave sources. 
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A Search for TEV y-Rays from PSR 0355 + 54 

V. K. Senecha\ C. L. Bhat, R. C. Rannot, R. K. Kaul, M. L. Sapru, 

A. K. Tickoo & H. S. Rawat ^ Bhahha Atomic Research Centre, Nuclear Research 
iMhoralory, Trombay, Bombay 400 0H5, India 
^ Now at the Centre for Advanced Technology. Indore. 


Pulsed TeV y-ray emission was reported from the 6 x 10^ yr-old radio pulsar, F^SR 
0355 + 54 (period 156 ms), by the Pachmarhi group in 1987 (Bhat et al. 1990). The 
implied y-ray luminosity (~ 70% of the pulsar spin-down power) points to an 
unusually high y-ray conversion efficiency. The source was revisited by the Whipple 
and the Pachmarhi groups in 1988 91 and 1989 90 respectively, but no d.c. or pulsed 
emission was delected (Reynolds et al. 1993). 

We have also observed the source region from 1989 November 20 December 01, 
using one 3 x 0.9 m mirror bank of the Gulmarg atmospheric Cerenkov telescope 
(ICoul et al. 1989). The observations were carried out by tracking the on-source region 
for 30 minutes followed by tracking an equivalent off-source region for the same 
duration. It needs to be noted that, although the telescope was erroneously offset by 
+ 1 ’ in declination with respect to the actual source coordinates, yet the pulsar 
PSR 0355 + 54 was always within the system field of view of 4 diameter during each 
on-source scan. The ambient light level seen by the telescope photomultiplier detectors 
was stabilized. The average event rate recorded was 0.42 s \ corresponding to 
a threshold primary energy of 4 TeV. 

On subjecting 10 hours of clean' data to the pulsar analysis using contemporary 
pulsar contemporary (p, p) values, the on-source data do not show the presence of 
a significant pulsed component, as is also reported by the Pachmari and Whipple 
groups for the corresponding period. However, intriguingly, our overall on-source data 
shows a 4.2tT-d.c. excess with respect to the corresponding off-source counts. If this 
apparent excess were due to VHE y-rays, the corresponding flux turns out to be 
4.9 X 10 '‘cm^^s ^ al >4TeV. This value is a factor of -- UK) higher than (and 
incongruous to) what follows from the Whipple d.c. upper limit, extrapolated as per 
^ ^ law (Pachmari group has searched for a pulsed signal only). No pulsar- 

associated old Supernova remnant is found in low-resolution radio surveys (Green, 
pers. comm.) and ROSAT X-ray searches (Trumper, pers. comm.). No other potential 
y-ray source candidates are also found in this field. Hence we do not have a satis¬ 
factory explanation for the apparent d.c. excess at this stage. 
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Unique Observations of PSR 0950 + 08 and Possible Terrestrial Effects 
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Since the discovery of pulsars about twenty five years ago, there has been a large 
number of exciting events seen from several of them. PSR 0950 4 08 is a very interesting 
object which is regularly monitored by PRL’s two radio telescopes situated at Rajkot 
and Thaltcj. The pulsar has flux of about 3 Jy and hence it normally remains within the 
background noise of our telescopes, however Thaltcj telescope being more sensitive, 
sometimes, few pulses arc recorded. On July 29., 1992, this pulsar suddenly gave a very 
large outburst of energy and this was recorded by both radio telescopes simultaneously. 
The cross-correlation analysis of both these observations showed a very high degree of 
correlation and precise pulse frequency. The cross-correlogram and the power spectra 
showed that large number of pulses remained unscallered by the interplanetary 
medium during their passage However, the variation of pulse intensity seems to be of 
two components, namely, (1) variation in pulse intensity and (2) scattering due to the 
irregularities in the interplanetary medium. The average flux of the pulsar during this 
event was ~ 246Jy (which is about 80 times the normal flux) and several pulses 
exceeded 850Jy. The enhancement of the pulsar flux is very large and is seen 
simultaneously by both the telescopes separated by 200 kms. Moreover no enhance¬ 
ment was seen in any other IPS sources around the pulsar burst time. T hese associated 
observations bring out clearly that the radio burst from the pulsar is not due to the 
intervening media, e g., ionosphere, interplanetary medium and interstellar medium. 

There exists an indirect evidence of very intense X-ray emission which seems to have 
produced excess ionization in the 'D' region of the ionosphere. This evidence comes 
from an ionospheric sounding experiment in which pulses of HK radio waves are 
transmitted vertically upward and signal reflected from the ionospheric layers is 
received and recorded. In this there is a parameter called which is the minimum 
frequency reflected by the ionosphere. The close examination of these records (usually 
called ionograms) reveals that on 29 July 1992, J is around 1.6 MHz in the morning 
and its temporal variation shows three distinct peaks of 4.0, 4.2 and 2.5 MHz (one of 
these peaks coincides with the local transit of the pulsar as seen by the two radio 
telescopes). However, it appears that pulsar was active during all the three events seen 
by the ionosonde, but the radio telescopes could see only one because of their narrow 
beam width of 1.8 and 7.2 at Thaltej and Rajkot respectively. In fact the two earlier 
events seen by the ionosonde on this day are stronger than the third one and hence if the 
radio telescope could have been tracking the pulsar, the radio burst during the first Iwai 
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events would be an order of magnitude larger than the third one which is really 
recorded. Thesepeaks are caused by the excess ionisation in the 'D’ region. The 
ionisation in the 'D' region is produced by X-ray in the range 1 10 A and the most 
common source is our Sun. On this day Sun was extremely quite and the observed 
X-ray flux was lower than 4 x 10 ^Watt/m^. The observed peaks require X-ray 
flux to be in the range 4 x 10 ^ to 8 x 10 ^ Watt/m^. From this it appears that while 
pulsar gave sudden outburst at 103 MHz it also gave energy at other wavelengths. This 
pulsar is not a known X-ray source. The amount of X-ray emission appears to be 
extremely large. We considered the possibility of accretion process for this event, li 
turns out that the energy calculations require a mass ~ 10^ ^ kg to be accreted by the 
pulsar during this event. This mass is almost that of a comet and thus accretion of 
a comet like object seems to be the cause of enhancement. 

★ ★ ★ ★ ★ 
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Mass Loss in AGB Stars - Recent Observational Developments 

Rsighvendra. Sahai Jet f^ropulsion Laboratory, ( ali/ornia Instlfure of Teihru^iogy. 
MS J 69-506, 4S00 Oak Grow Drive, Pasadena, CA 91109, USA 

Abstract. Extensive mass-loss in red giam (AGB) stars, preceding and 
leading up to the formation of planetary nebulae, has important conse¬ 
quences for the evolution of the stars as well as the interstellar medium 
A brief review, with focus on new studies of mass-loss envelopes involving 
high-spatial resolution observations made possible by recent technological 
advances, is presented. 


Keywords: Mass-loss red giants planetary nebulae—interferornctery 
infrared radio circumstellar matter. 


I. Introduction 

Extensive mass-loss (with dAf dr upto 10 vr ') intermediate mass (18 Af ) 

stars not only affects their evolution on and beyond the asymptotic giant branch 
(AGB), preventing stars with masses, upto ^ 8 M.-, from bee 'ining supernova, but also 
enriches the interstellar medium in (■) a variety of nuclides produced by CNO, 3-a and 
s-process nucleosynthesis, and (■) dust grains. The circumstellar envelopes (GSEs) 
resulting from the mass-loss usually have relatively simple and w ell-defined geometri¬ 
cal (spherical) and kmcmatical (radially-constant expansion velocity) structures, and 
thus constitute ideal aslrophysical laboratories. Thus, some of the most dilticull 
problems of interstellar cloud chemistry, such as the role played by dust grains, IJV 
radiation, and shocks in the formation and destruction of different molecular species, 
may ultimately be solved by a study of circumstellar chemistry. 


2. Outstanding problems 

We lack a theory which can predict the basic mass-loss properties, namely, the rate 
(dM/dt), expansion velocity and the spatial distribution, from fundamental 

stellar parameters luminosity, temperature, and melallicity. A number of hypotheses 
for mass-loss in cool red giants have been investigated (e.g. Holzer & MacGregor 1985) 
and a two-step process is currently favoured, whereby stellar matter is tirsl levitated by 
various processes (e.g. stellar pulsation: Bowen & Willson 1991, sound waves; F^ijpers 
et al. 1990) into an extended atmosphere where grains form, which are then driven 
outwards (dragging the gas along) under radiation pressure (e.g. Morris 1987). Elow- 
ever important questions relating to the history (continuous or episodic) and structure 
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(e.g. smooth or clumped) of the mass-loss, the formation and growth of dust grains, 
remain unanswered. The origin of equatorially dense structures and fast outflows 
(50 100 km s *) on small angular scales seen in an increasing number of objects with 
extended spherically symmetric envelopes (e.g. CRL2688; Kawabe et al. 1987) is not 
clear: models involving binary companions (Morris 1987), planetary systems (Sahai 
et al. 1991), and magnetic fields (Pascoli et ai 1992) have been suggested. 


3. Recent developments 

Until recently, most of our knowledge about CSEs came from observations of 
millimeter-wave molecular lines using single telescopes. With significant increase in 
telescope/recciver sensitivity and the detection of thousands of AGB stars in 12 
1(X)/iin emission by IRAS, -- few x lOOCSFs have now been detected through system¬ 
atic searches (the largest carried out with the I RAM 3()-m & the SEST 15-m) in the 
CO J = 1 0 and 2 1 lines (compilation by Loup et al. 1993). Although such studies 
provide useful information on the envelope-averaged dM/dt and necessary for 
studying the statistics of mass-loss, (e.g. Jura & Kleinmann 1989, and references 
therein) more fundamental questions relating to the nature of the mass-loss can only be 
addressed with high spatial resolution observations. A new self-consistent model of 
radiative transfer, molecular excitation, and thermodynamics which simultaneously 
fils the CO rotational line-emission and the far-infrared (IR.AS) emission from C’SEs 
has been developed for reliable estimates of mass-loss rates and circumstellar dust-to¬ 
gas ratios (Sahai 1990). 

a) Millimeter ((S^ centimeter) wave interferometry: With the advent of millimeter- 
wave interferometers, one can now observe a large number of circumstellar envelopes 
with adequate spatial resolution. Most studies have focussed on the prominent 
carbon-rich CSEs. Bieging, Chapman & Welch (1984) reported the first interferometric 
map of molecular line emission from a CSE: their map of HCN 1 0 in IRC 3 10216 
(well-studied carbon star) suggested a recent decrease in the mass-loss rale (later 
confirmed by analysis of CO 4.6/mi and mm-wave line emission: Sahai 1987; Sahai 
& Wannier 1985). Bieging &. Nguyen-Q-Rieu (1988a) find evidence for a rotating disk 
m the protoplanetary object CRL 2688 from HCN 1 0 mapping (BIMA data). VLA 
mapping of cm-wave line emission of NH^ & HC 7 N in CR1.2688 (Nguyen-Q-Rieu 
etui 1986) reveal both disk and jet-like structures, as well as departures in the 
kinematics from pure expansion. Detailed information on the distribution and abun¬ 
dances of various molecules has been obtained for IRC 10216 (VLA maps of NH^, 
HC 7 N and HC,N by Wootten et al. 1993, BIMA maps of SiS, HC.N, C.N, C.H, 
HNC by Bieging & Nguyen-Q-Rieu 198Hb, Bieging & Tafalla 1993) and CRL2688 
(Nguyen-Q-Rieu &: Bieging 1990), providing confirmation of some of our ideas of 
circumstellar chemistry, as well as raising new problems. Neri et al. (1992) have resolved 
the HCN 1 0 emission (PdBI data) from the unique high-velocity (200 km/s) outflow in 
CRL 61 8 (very young PN), from which they infer that HCN is formed (on a time-scale 
< 50 yr) in a p^vst-shock region where the high-velocity outflow impacts a more slowly 
expanding dense envelope. Sahai & Bieging (1993) have used BIMA to map the J = 2 1 
(v - 0) SiO line emission at 86 GHz in oxygen-rich CSEs (see also Lucas cr al. 1992), 
and find that (■) SiO is depleted rapidly beyond 10‘ \ probably as a result of adhesion 
onto cold grains (photodissociation due to the interstellar IJV becomes important at 
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> 0.5 X 10 cm) (■) acceleration oT the outflows is consistent with radiation pressure 
on grains condensing within 10 15 stellar radii. 

(b) Suhmillimeter-line observations: Observations at submillimetei wavelengths have 
now become possible with the 15-m JCMT and 10 m CSO telescope allowing one to use 
high-excitation molecular lines as a novel probe of the inner CSfcs, one which works 
equally well for nearby and distant objects. Sahai, Wannier & Andersson (1992) hcive 
observed a selected list of CSEs with prominent SiO J - 2 I (v = 0) emission, in the 
J = 5 4, 6 5, 8 7, and 11 10 lines. The high-J SiO line-widths at the base are only 
50-75% of the CO line-widths ( — 2 x terminal envelope expansion velocity) clearly 
showing that the SiO lines arise in the acceleration region. A map of IRC 10216 (which 
appears circular on arc-minute scales in CO J = 1 0 and 2 1 line emission) in the CO 
6 5 line made with the 8" beam of the JCMT, shows that the peak emission occurs 
about 6" south-west of the stellar position (Sahai, van der Veen & Stutzki 1993). 

(c) M olerular gas in planetary nebulae: AGB mass-loss plays an important role in the 
formation of planetary nebulae (PNe). The Interacting-stellar-winds’ (ISW) model 
(Kwok 1982) successfully produces the dense Tims' seen in PNe images, due to the 
‘snowplow*’ action of a very fast wind (1 000 2(XX) km s) from the central white dwarf, on 
the AGB envelope Including an equatorial-to-polar density asymmetry of the AGB 
envelope in the ISW model (Balick 1987) naturally leads to the bipolar shapes seen in 
about 50% of all PNe. Until recently, it was difficult to delect the generally weak CO 
emission from PNe. However, CO emission has now been mapped in a number of PNe, 
confirming (directly or indirectly) the presence of equatorial density enhancements 
and/or fast outflows directed along the polar axis (NGC7027: Bicging et al 1991; 
Jaminet ei al 1991, NGC3132: Sahai et al 1990,1C4406: Sahai et al 1991, NGC2346; 
Bachiller et al 1989). High-resolution (12") CO J = 2 1 maps of PNe (e.g. Bachiller 
et al 1993 and references therein) show large-scale (10^^ cm) fragmentation of their 
molecular envelopes, and the detection of molecules with large dipole moments (e g. 
HCN and HCO^) in PNe (Sahai et al 1993a) imply the presence of small (10^^ 
10^^ cm), dense {10** cm ■^) clumps (Sahai et al 1993b). 

(d) Near-infrareJ imaging: The interface between the ionised and neutral (molecular) 
region in PNe is a source of strong emission in the near-IR vibration-rotation lines of 
molecular hydrogen, which can now be mapped with high spatial and spectral 
resolution, with the advent of infrared CCD-array cameras and spectrometers. Images 
of the integrated H 2 S(l) line emission at 2.1 pm from the compact young PN NGC7027 
shows an incomplete elliptical ring of knots bounding the ionised gas, and a thin shell 
looping around the HII region with 4-fold symmetry, coincident with the inner edge of 
the CO shell (Graham et al 1993). Velocity-resolved (long-slit) images of the H2S(1) 
line in another compact young PN, BD -h 30''3639 (taken with the CSHELL/IRTF) 
show that the molecular gas is concentrated in a clumpy, tilted toroidal structure 
(Wannier & Sahai 1992), apparently the result of a collimated high-velocity flow 
excavating a bipolar cavity in an AGB CSE. 


4. Future prospects 

A systematic survey undertaken with the upcoming Giant Meter-wave Radio Tele¬ 
scope (Pune, India) should produce a substantial increase in the number of AGB stars 
detected in HI (only 2 detected so far, see Bowers & Knapp 1988), providing the first 



258 


Raghvendra Sahai 


direct estimates for mass-loss rates, total envelope masses and ages. Increasing use of 
mm-wave (and future submm-wave) interferometers, infrared CCD-array cameras 
coupled to high-resolution spectrometers, and submillimeter telescopes, in observa¬ 
tions of AGB stars and PNe, will lead to a detailed and comprehensive picture of the 
history and structure of the mass-loss during the stellar evolution. 
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This paj>er describes recent multi-wavelength observations of the late-stage merger 
remnant NGC 7252, the ‘Atoms for Peace’ galaxy. These observations are a part of 
a broader study of the fate of gas in a sample of interacting pairs of galaxies that are at 
various phases of merging (Hibbard 1994). NGC 7252 has two prominent tidal tails and 
a single central stellar body, suggesting that it is close to the final stage of the merging 
process. The principal conclusions of our study are summarized below (the reader is 
referred to Hibbard et al. 1994 for a more complete description); 

■ Radio (21 cm) spectral-line observations, using the Very Large Array of the National 
Radio Astronomy Observatory (in ‘D’ and ‘B/C’ configurations), of the merger 
remnant NGC 7252 have revealed 2 x 10‘^h"^ of atomic hydrogen which is 
located exclusively in the outer, tidal regions of the galaxy; in the two tails and in the 
prominent western loop that appears to wrap around the central remnant. No 
atomic gas is detected in the central relaxed stellar body. 

■ New ROSAT X-ray data (in the 0.1 -2.4 keV energy range), Ha images using the Kitt 
Peak 2.1-m telescope, and broadband optical B and R surface photometry (using the 
Cerro Tololo 0.9-m telescope) have also been obtained. In contrast to the HI 
distribution, the hot X-ray emitting plasma and molecular gas (mapped by Wang 
et ai 1992) are confined to the central region. Most of the Ha appears to be 
associated with the inner rotating molecular-gas disk (r < 7"), but some is seen to be 
associated with the base of the northwestern tail and with the western loop filling the 
gap between the atomic and molecular gas distributions. 

■ The HI data yield the first detailed map of the kinematics of the tidal tails of NGC 
7252 providing important new constraints on numerical simulations of this system 
(Borne & Richstone 1991; Mihos et al. 1993). Each of the tidal features shows 
remarkably smooth velocity gradients. The rotation velocities as a function of 
position along the tail indicate that the encounter that fashioned NGC 7252 must 
have been prograde. We suggest that the gas at the base of the northwestern tail is on 
a non-circular orbit, falling back towards the main remnant body. The HI observa¬ 
tions may provide evidence for formation of shells and ripples by late-returning tidal 
material, and may explain some of the peculiar kinematics (e.g. line-of-sight velocity 
reversals) previously recorded in this system (see Schweizer 1982). 
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■ Despite the fact the HI appears to be falling in towards the central remnant, no 
atomic gas is detected in the remnant itself The lack of neutral atomic hydrogen in 
the main body of NGC 7252, along with the presence of warm and hot ionized gas 
and a ‘post-starburst’ spectrum in this region, suggests efficient, ongoing conversion 
of HI into other phases. 

I Prominent Ha, HI, and stellarenhancements are seen near the end of each of the two 
tidal tails, each containing an amount of material similar to that seen in dwarf 
galaxies. Reasonable mass-to-light ratios are needed in order for these condensations 
to be self-bound. If these clumps are bound, they serve to support the idea originally 
proposed by Zwicky (1956), and verified in recent numerical simulations, that dwarf 
galaxies can form from tidally ejected material. 

■ The long, gas-rich tidal tails of the NGC 7252 system imply two spiral progenitors. 
This evidence, combined with the photometric properties and gas content of NGC 
7252, lends strong support to Toomre's (1977) suggestion that mergers of spirals can 
lead to elliptical-like remnants. The radial surface brightness profile of the central 
remnant body follows an law and NGC 7252 obeys the 'Fundamental Plane’ 
relationships that characterize normal elliptical galaxies (Djorgovski & Davis 1987). 
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Abstract. We present a comparison of the spatial distribution ofiiolccu- 
lar gas (as determined from ^"CO, J -- 1 ^>0 line), atomic gas (as determined 
from 21 cm HI absorption) and ionized gas (as observed in C27()a recom¬ 
bination line) towards Cas A. 

Key words: Radio sources: Cas A Radio Lines; Molecular, HI, recom¬ 
bination lines ISM; Ionized carbon 


1. Introduction 

Recombination lines from highly excited Rydberg levels (principal quantum number 
n 3(K) 700) of carbon have been delected in a number of directions. The best studied 
direction at various frequencies is that of the strong radio source Cas A whose line of 
sight intersects the F^erseus and Orion arms. Though carbon recombination lines at low 
frequencies have been detected in many directions, it is still not clear whether the lines 
are associated with HI regions or molecular clouds (I^ayne et al. 1989). As a step 
towards resolving this question we present here a comparison of the spatial distribution 
of ionized carbon observed in C270a recombination line with that of atomic gas 
observed in HI (21cm) absorption line and the molecular gas observed in ’"CO 
(,/- 1 ->0) emission line towards the direction of Cas A. Cas A being a strong 
background source provides a spatial cutolYfor the HI absorption and thus the study 
can be confined to the extent of Cas A. 


2. Observations 

The ^^CO observations were made with an angular lesolution of -- L using the 
10.4m telescope at the Raman Research Institute. Chopper wheel method was used 
for temperature calibration and frequency switching was employed for baseline 
correction. The spectrometer was a 256 channel filler bank of 250 kHz contiguous 
filters. 7’he double sideband system temperature varied between 1000 1 80(t K depend¬ 
ing on the weather. The C270a (332.7 MHz) observations were carried out at VLA 
in its C and D configurations which gave an angular resolution of -- 2.7' x 2.4\ 
F or the distribution of atomic gas, we have used the F31 data obtained using the 
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C 270a Hi 



45 ^5 

RIGHT ASCENSION 

Figure 1. Spatial distribution of optical depths of C270cx recombination line and 21 cm HI 
absorption lines and antenna temperature ( T^) of *^CO emission over the face of Cas A at four 
different velocities. The velocity range is indicated in each frame in kms Contour units are 
C270a;10 ^ and ^^CO.0.3 K. 


Westerbork Synthesis Telescope by Kalberla e( al. (1993). The HI data was convolved 
to the resolution of C270a observations. The spectral resolution in all these observa- 
tions is ~ 1.5 km/sec. 
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3. Results 


The observed distribution of C270a, HI and over the face of Cas A is presented in 
Fig. 1 for four velocity ranges. The top frame corresponds to the Orion arm and the 
other three to the Perseus arm clouds. It is clear from Fig. 1 that the distribution of 
C270oc is very similar to that of HI rather than molecular gas. This association makes it 
possible to construct a model in which several physical properties of the clouds can be 
determined by combining the recombination line and 21 cm HI measurements. Such 
model calculations have been recently presented by Payne et al. (1993) 
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Abstract. When the lines of sight to distant radio sources pass close to the 
Sun, the radiation from the source undergoes scattering due to electron 
density irregularities in the outllowing solar wind plasma and phenomenon 
such as intensity scintillations and angular broadening can be observed. At 
small solar elongations (i; < 4 ) the scattering is sufficiently strong that the 
scatter broadened image can be resolved using radio synthesis arrays such 
as the VLA'. The measured visibilities and the reconstructed image can be 
used to study the turbulence spectrum and anisotropy in the solar wind. We 
present here some results of observations of three strong radio sources at 
several elongations in the range 0.5 4 ’ using the A-configuralion of the 

VLA (maximum baseline 35 km) at wavelengths of 2,3.5,6, and 20 cm. 

Key words: Solar wind synthesis imaging. 


1. Observations and results 

The radio sources 143(V 155, 1437 153, and 1443 162 were observed during 2 6 Nov. 
1988 when their lines of sight passed within about 4 of the Sun. Because of the steep 
gradient in the mean electron density of the solar wind (n,, R “ or steeper at smaller 
solar distance), shorter wavelength (2 and 3.5 cm) observations were more suitable at 
small elongations and longer wavelengths (6 and 20crn) at larger elongations. 

Lach source was observed at the chosen wavelength for about 10 minutes with an 
integration time of 10 seconds per visibility sample. The resulting visibility data were 
processed using the standard method to obtain ‘clean’ images of the sources observed at 
different elongations. Most of the images, where broadening could be seen, are elliptical 
in shape indicating anisotropic scattering in the solar wind and confirms the earlier 
findings of Armstrong et u/. (1990). The axial ratio of the images varies between 1.5 - 7 
depending on the elongation. Fig. 1 depicts the anisotropy and the orientation of the 
images observed at a wavelength of 6 cm. The magnitude of the broadening is generally 
larger at smal'er elongations, although there are several exceptions. The variation of 
the scattering angle (i.e. the angular size of the major axis of the image) as a function of 
solar distance roughly follows a R ^ law. 


’ VLA is part of NRAO, USA, operated by Associated Univ. Inc., under a cooperative agreement 
with NSF. 
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East — West Offset (degrees) 

Figure 1. Shapes of scatter broadened images (ellipses) at dilTcrenl distances from the Sun (tilled 
0.5 circle at the centre). T he scale for the images is indicated at the bottom left corner. 



East — West Offset (degrees) 


Figure 2. Orientation of the maj()r axes (solid lines) of scatter broadened images with respect to 
the radial direction (dashed lines) from the Sun. 


The anisotropy indicates that the scattering blobs are elongated in the direction 
perpendicular to the major axis of the image. This direction can be considered as the 
local’ orientation of the magnetic field lines since density fluctuations are expected to 
be aligned along the field lines (Higdon 1984). Fig. 2 shows the observed orientation of 
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the major axis at different elongations and position angles. Clearly, the orientation is 
not perpendicular to the radial everywhere. The deviations are seen to be the largest 
near the poles, which also suggest that magnetic field lines may indeed determine the 
direction of elongation of the scattering blobs. 

The measured visibility V(bf on a baseline b is related to the phase structure function 
D(b) of the scattering screen by the simple relation P(fi) ^ - 21n[f (h)]. fora power- 
law spectrum of density fluctuations of the form P(iy) x cy where q is the spatial 
wavenumber, the phase structure function has the form D(h) x b^ ^. Through model 
fits to the measured visibilities we find that (i is in the range 1.8 to 3.0 depending on solar 
distance, with a median value of 2.0. This applies to scale lengths in the range 
1 35 km sampled by the VLA baselines. The spectrum in this range appears to be 
shallower compared to Kolmogorov turbulence (p = 11/3) in agreement with earlier 
findings of Coles & Harmon (1989). 
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Abstract. We present 90 and 20cm radio recombination line observa¬ 
tions of six regions in the inner galactic plane which are devoid of any 
discrete continuum sources. 

Key words: Galaxy; Recombination lines, galactic plane—HII regions. 


1. Introduction 

It has been known for about 20 years now that radio recombination lines can be 
observed :n the inner Galaxy even from regions where there are no discrete continuum 
sources. The origin of these lines has been a matter of debate. It is thought that these 
lines could be coming from old diffuse HII regions in the inner galaxy (Shaver 1976) 
which cannot be identified as discrete sources in the continuum surveys or from outer 
envelopes of known discrete HII regions (Lockman 1979; Anantharamaiah 1986). 

Anantharamaiah (1985) had detected the H272a (324.99 MHz) recombination line 
from six ‘blank’ regions w'hich were chosen to be devoid of any discrete continuum 
sources within the Ooty radio telescope beam of 2^ x 6'. Example of one such blank 
region is shown in Fig. la. We have now observed these six blank regions in the H I68(x 
(1.37 GHz) line using the NRAO^ 43 m telescope at Green Bank. Since the beam size of 
the 43 m telescope is about 21', observations were made at several positions within the 
Ooty beam area and the profiles were averaged with appropriate weighting to simulate 
the Ooty beam for the HI 68a observations. Three of the blank regions were similarly 
observed in the H128a line (3.1 GHz). In four of the six blank regions there is good 
agreement in the velocity and width of the H272a and HI68a lines (see Fig. lb) 
suggesting that the two lines originate in the same gas. In the other two cases the higher 
frequency line has additional components. 


2. Properties of the ionized gas in blank regions 

Using the theory of recombination line formation and taking into account possible 
departure from local thermodynamic equilibrium (LTE), we have constrained the 


^NRAO is operated by Associated Univ. Inc. under a co-operative agreement with the NSF. 
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Figure lb. H272a (thick line) and HI68a (thin line) recombination lines observed from the 
blank region shown in (a), 

electron density (m electi on temperature { T\.) and emission measure . /) of the line 
emitting regions. Because of the very difTerent dependence cf H272a and HI68a line 
intensities on electron density, the value of n^ is remarkably well constrained in all the 
cases irrespective of the values of I and On the other hand 7^, and / arc not well 
constrained although some handle is obtained for those cases where the HI28a line is 
also observed. In all the blank regions the electron density of the ionized gas is 
< 5 cm If 7\. ~ 5(KK)K, then the pathlength through the gas is a few hundred parsecs 
except for G2.1 0.0 for which the pathlength could be several kilo parsecs. The 
emission measure of the gas is between a few 1(X) to a few 1000 pc cm 

We have also compared the radial velocity of the ionized gas observed tow ards the 
blank regions and a nearby Hll region closest in velocity and seen in the 5 GHz 
continuum map. In three out of the 5 cases there is an Hll region within 4 km s ‘ of the 
central velocity observed in H272a. But then, for all these three cases the derived 
pathlength is very large (>0.5kpc) and therefore the agreement may not suggest 
a physical association. We conclude, from the available evidence, that the ionized gas 
observed towards the blank regions is unlikely to be associated with any of the Hll 
regions seen in the continuum surveys. 
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Radio Recombination Lines from External Galaxies 
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Abstract. Using the Very Large Array ‘ and the Australia Telescope we 
have searched for the H92(x recombination line from 14 external galaxies 
and detected the line in 9 of them. All the detected galaxies have starburst 
nuclei and the line emission is only from the nuclear region. No line was 
detected in two well known Seyfert 11 galaxies lhal were searched to similar 
sensitivity levels. 

Key words: Galaxies; starburst, Seyfert 11—Radio recombination lines. 


1. Introduction 

For almost 14 years after the first detection of recombination lines (RRLs) from two 
external galaxies (M 82 and NGC 253) beyond the Magellanic clouds (Shaver, Church- 
well & Rots 1977; Bell & Seaquist 1978), there were no further detections of RRLs 
inspite of several searches using large single dish telescopes. The next detection came in 
1991 from the galaxy NGC 2146 (Puxley et ai 1991). Taking advantage of the high 
sensitivity (noise level ~ l(X)/dy) and spectral dynamic range (better than 1:5(X)0) 
achievable with modern synthesis telescopes such as the VLA and AT, we have begun 
a renewed search for RRLs from external galaxies. 


2. Observations and results 

Observations were made during October 1990 and again in February 1992 when the 
VLA was in the C configuration, which gives an angular resolution of ~ 2".5 at 
8.4 GHz. More recently (July 1993) we observed a few southern galaxies using the AT 
compact array in its 750D configuration which gives a resolution of ^10". The 
recombination line was detected at the level of 0.25-3 5 mJy from the nuclear region of 
9 galaxies. The line widths are in the range 200-400 km s" ^ (FWHM). Line emission 
extends over a region of up to 10" which corresponds to linear dimensions of a few 
hundred parsecs. The detected galaxies are NGC 3628, IC 694. NGC 3690, NGC 1365, 


^VLA is a part of NRAO which is operated by Associated Univ. Inc., under a cooperative 
agreement with the NSF'. 
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Arp 220, M 83, NGC 2146, NGC 4945, and the Circinus Galaxy. The strongest line is 
towards NGC 4945 and the weakest is from NGC 3690 (a companion of IC 694). The 
line was not detected in five other galaxies (NGC 262, NGC 1068, NGC 1808, NGC 
6240 and NGC 3079) that were observed to a similar sensitivity level. 


3. Nature of the ionized gas 

The ionized gas that produces the observed H92a line must satisfy an important 
constraint. In all the galaxies detected with the H92(x line, the radio continuum in the 
nuclear region has a non-thermal spectrum. The dominant non-thermal flux density in 
the nuclei implies that the thermal emission from the ionized region must only be 
a small fraction of the observed continuum flux density. This constraint rules out 
models with a uniform slab of ionized gas in front of the non-thermal source. However 
a collection of dense HIT regions within the central few hundred parsecs of the galaxy 
can explain the observed lines. Such a model appears reasonable for a starburst nuclear 
region, where the Hll regions could be created by the young stars born during one or 
more episodes of starburst and the non-thermal radiation originates in a large number 
of supernova remnants. Several hundred HII regions of a few parsecs in size and density 
of 5-10 X I0'\'m ~ ^ with a total mass of a few times 10^ are required to account for 
the observed line flux density. The rate of production of Lyman continuum photons 
required to maintain the ionization is a few times 10''‘^s ^ Much of the line emission 
comes from internal stimulated emission due to the continuum generated within the 
HII regions which account for 5-30% of the observed total continuum at 5 GHz. 
Results for three of the detected galaxies and model calculations are presented in 
Anantharamaiah ei al. (1993). 
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The Interstellar IVfedium Surrounding the Vela Supernova Remnant 
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The Vela SNR occupies a central place in the subject because of the association with the 
Vela pulsar. Whereas one would have expected the pulsar and its nebula (Vela X) to be 
near the centre of a shell, the morphology is quite complex as may be seen in Fig. 1. This 
has led to some controversy, and even association between the pulsar and the SNR has 
been questioned (Dwarakanath 1991). There may, however, be a simpler explanation 
for the peculiar morphology. For example, since the radio brightness of a supernov a 



Figure 1. The 34.5 MHz continuum map of the Vela SNR. The contours are labelled in units of 
10000 K. The bnght feature in the right top corner is SNR Puppis-A and is unrelated to the Vela 
SNR 


275 



276 


T. P. Saravanan^ A. A. Deshpande iSc G. Srinivasan 


THE VELA REGION IN HI 



c* (19")0) 

Figure 2. Di.^^ribution of Antenna temperature due to HI averaged over -- 1 to 2krn s. This 
range of velocity would roughly correspond to a distance or50() pc. The contours are labelled in 
units of 1 K 


remnant is related to the density of the ambient medium into which it is expanding, 
such an asymmetric morphology could be understood if the distribution of interstellar 
matter around the remnant is inhomogeneous. In order to clarify this, HI observations 
were made with the 26m telescope at Ml. Pleasant Observatory, Hobart, Tasmama 
during July 1992. The observ ations were made with a bandwidth of 2.5 MHz and a 512 
channel autocorrelator was used as the backend giving a velocity resolution of 1 km s. 

The HI map obtained by us is presented in Fig. 1. The distribution of HI is clearly 
highly inhomogeneous. The regions of higher density correlate well with the crowding 
of ladio contours in the Vela Y, Z regions of 34.5 MHz continuum map (Fig. 2). Absence 
of any significant radio emission from the western half of the shell is also consistent with 
the lower density of HI in those directions. 

Thus, our observations support the conjecture that the remnant is expanding in an 
inhomogeneous region of the interstellar medium resulting in an asymmetric radio 
surface brightness. In our opinion Vela Y and Z are parts of an incomplete shell of 
roughly 7.5 deg. in diameter centered around the pulsar and its synchrotron nebula 
(Vela X) a conclusion which is consistent with the recent ROSAT observations of this 
SNR (Aschenbach 1992). 
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Bright-rimmed Molecular Clouds near Massive Stars 

C. Indrani & T. K. Sridharan Raman Research Institute, Bangalore 560 OHO. India 

Abstract. Massive stars have significant influence on the evolution 
of the interstellar medium. Bright rims, cometary morphology of clouds 
as well as their acceleration are some examples of the influence of massive 
stars on nearby molecular clouds. The cometary clouds in the Gum 
Nebula and the Rosette Nebula are very good examples. In an attempt 
to understand the kinematics of the clouds in such regions we have 
carried out CO line observations towards bright-rimmed clouds near 
the OB Associations Ori OBI and Cep OB2. In the Cepheus region we 
find that the clouds are participating in systematic expansion from a 
common center whereas the motions in the Orion region appear more 
complicated. 

Key words: Bnght-rimmed clouds OB associations. 


1. Introduction 

Bright-rimmed clouds are typically found in the vicinity of massive stars. They are 
patches of obscuration with bright rims on the side facing the stars and sometimes a tail 
like extension on the other side. Their peculiar morphology is believed to be caused by 
the efTects of IJ V radiation and stellar winds from young stars and supernova shocks. 
Previous studies of such clouds in the Gum-Vela region have shown that they are 
expanding about a common central region containing the massive stars at ^ 12kms ’ 
(Sridharan 1992). 

In order to find out if such motions are prevalent in other regions with massive stars, 
as well as to develop an evolutionary scenario, it is necessary to study regions with OB 
associations of difTerent ages. As a step in this direction we studied bhght-rimmed 
clouds near the OB associations Cep OB2 and On OB 1 which are at distances of 450 pc 
and SOO pc respectively. Both these regions are younger than the Gum-Vela region. The 
preliminary results of this study are reported here and the complete study will appear 
elsewhere (Indrani & Sridharan 1993). 


2. Observations and results 

We observed about 40 clouds in the J = 1 -►O transition of CO at 115.271 GHz using 
the 10.4m millimeter-wave radio telescope at the Raman Research Institute during 
1992-93. An acousto-optic spectrometer with a resolution of 50 kHz and coverage of 
30 MHz was used giving a velocity resolution of 0.12 kms ’. Line center velocities were 
obtained by fitting gaus.sians to the lines. The radial velocities of the clouds were thus 
obtained and analysed to detect any expansion. 
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Figure 1. Distribution of the bright-rimmed clouds in Cep OB2 region. The arcs are the 
bright rirtis. 
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Figure 2. Absolute values of the residual velocities plotted against (1 — 

for the region Cep OB2. The straight line shown represents a uniformly expanding shell. 


For an expanding shell of bright-rimmed clouds the residual radial velocities after 
removing the contribution due to galactic rotation are given by the expression 

= ( 1 ) 

where is the expansion velocity, 0 the angular distance of a cloud from the centre of 

the distribution and the maximum value of 6 (radius of the shell). 


2.1 CepheusOBl 

Figure 1 shows the distribution of the clouds with bright rims marked. In Fig. 2 we have 
plotted against 0. The straight line (given by equation 1) represents a uniformly 
expanding shell. We used the position of the 06 star SA033626 as the centre because 
this star dominates the association and most of the bright rims are oriented peipendicular 
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to the direction of this star. The data suggests an expansion velocity of 5 kms ‘ This 
gives an expansion age for the system of 4 Myr, making it younger than the Cium-Vela 
system, consistent with the age of the association and the smaller expansion velocity. 


2.2 Orion OBI 

The motions here are more complicated and do not fit a simple expansion picture. The 
association itself is large and contains many massive stars. The tail like extensions of the 
clouds do not point away from a common region. A more careful analysis taking into 
account the distribution of massive stars in needed before anything conclusive can 
be said. 
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Star Formation in Giant Extragalactic HII Regions 

Y. D. Mayya Indian Institute of Astrophysics, Bangalore 560 034, India 

Abstract. Star formation properties in Giant Extragalactic HII Regions 
(GEHRs) are investigated using the optical photometiy and evolutionary 
population synthesis models. We find it necessary to have differential extinc¬ 
tion between embedded cluster stars and the surrounding nebulosity in 
GEHRs, with about 50% of the cluster photons escaping the nebula unat¬ 
tenuated. GEHRs are found to contain hot massive stars and evolved red 
super giants simultaneously, implying more than one event of star formation in 
the last 10 Myr. We have identified some regions on our images which may be 
examples of young and old regions spatially separated by 40-100 pc. Extended 
duration of star formation in GEHRs may be the result of a trigger from the 
earlier star formation event. 

Key words: Galaxies: Hll regions reddening star formation. 


1. Introduction 

GEHRs are the major sites of star formation in external galaxies. A star forming complex is 
characterised by an initial mass function (IMF) and its evolutionary status. Investigation of 
IMF and evolutionary status of GEHRs is done by indirect methods. From these studies, it 
is generally concluded that GEHRs are young systems containing stars mostly from a 
single generation with IMP' slopes not very much different from Salpeter’s value of 2.35 
(Scalo 1986). The major sources of errors in modelling these regions in previous studies 
arc (■) interstellar extinction correction, (■) usage of mass dependent quantities and (■) 
the uncertainties due to small slits often used in spectroscopic observations. With the 
imaging capabilities of the CCDs, the uncertainties inherent to slit spectroscopy can be 
eliminated and hence the IMF and evolutionary history of GEHRs can be established 
better. New prescription for extinction correction, usage of diagnostic diagrams involving 
dimensionless ratios and synthetic aperture photometry around HII regions on CCD 
images are some of the main improvements in the present study over the previous studies. 


2. Data and method of analysis 

CCD imaging observations carried out at the 1-m telescope at Vainu Bappu Observ¬ 
atory forms the main data base for the study. The photometric data on GEHRs in Hot 
emission line and BVR continuum is obtained by synthetic aperture photometry on 
these images, and are catalogued in Mayya (1993). Thirty six of these regions having 
published spectroscopic data are used for the investigation of star formation in the 
present study. Metallicity, reddening and gaseous contribution within the broad B VR 
bands are estimated from the emission line ratios, from which pure cluster B - Fand 
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^^*8***'® Extinction corrected regions in log(0/Lg)vs B~V and V—R plane. Maximum 
rms errors on the observed quantities are shown by the cross at the top left corner. The 
evolution of a cluster with = 60 and a = 2.5 is shown by the thick line. The dots on the line 
are spaced 0.5 Myr apart with the dot at the bottom right being at 7 Myr. The dashed line is 
the model represented by thick line, with 55% of the ionizing photons escaping the nebula. 
A model with m„=I20 and no escape of Lyman photons begins at the tip of the arrow. 
Sequences with dotted lines correspond to composite models with the younger population 
at 0 (top), 3.5 (middle) and 5 (bottom) Myr superposed on an older population. The left¬ 
most point on these curves repre.sents older populations at 5,6,6 Myr respectively. Further 
points are placed at increments of 1 Myr. Note that the observed regions imply the existence 
of two populations. 
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F - R colours are derived. Quantity 




defined as the ratio 


of H/i to B band luminosity 


is computed from observed Ha and B band fluxes. This ratio resembles H/i equivalent 
width, which is the ratio of H/i flux to the underlying continuum flux. All the derived 
quantities are distance independent. 


3. Discussion 


Comparing observed quantities with population synthesis models (Mayya 1993) it is 
shown that dereddening B- Tcolours using Balmer decrement overcorrects the cluster 
colours, implying that cluster stars are not expenencing the same amount of extinction as 
the ionized gas. Obscuring dust closely associated with gas, which is distributed in filaments 
and clumps as in the case of 30 Doradus (Melnick 1992), is the most likely configuration in 
a majority of GEHRs. A fraction of stellar photons might escape the dust free regions 
between the clumps giving a net lower extinction towards stars. We estimate this fraction to 
be 50% for an IMF slope of 2,5. The stellar related quantities arc dereddened taking this 
into account and are denoted by the suffix 3 in F'ig. 1. The notable features on this figure are 
(■) Regions corresponding to a single burst young population are rare, (■) Single burst 
regions which are older than 3.5 Myr have their Lyman continuum flux reduced by 50%, 
(■) B — Land V — R colours have a large spread, with reddest regions having higher values 


of—, (■) An older burst of star formation of age 6-12 Myr superimposed on a younger 

population can explain most of the observed regions. 

The absence of genuinely young regions in our sample and escape of Lyman 
continuum photons in moderately evolved regions might represent different stages 
during the evolution of GEHRs. In the young phase GEHRs are probably hidden deep 
inside molecular clouds. During its dynamical evolution the ionized volume may 
expand to a point where the ionization front bursts out providing escape routes for the 
ionizing photons following the ‘champagne models’ of Tenorio-Tagle (1979). The 
escaping photons may be responsible for ionization of the diffuse interstellar gas often 
found in sensitive imaging of disk galaxies (Dettmar 1992). 

The young and old populations w'hen separated by more than 40 pc could be 
identified in many star forming complexes directly on the CCD images of three of the 
programme galaxies. If the younger burst is due to a trigger from the older one the 
inferred speed of propagation of the trigger is 4-10 km s \ based on the measured 
separations. It may be noted that Hyland et «/. (1992) have found direct evidence for the 
existence of two populations in 30 Doradus from infrared photometry, which supports 
our results. The observational finding of young and old populations in a majority of the 
regions studied here suggests that triggering of star formation may be a common 
phenomenon in GEHRs. 
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EGRET Observations of the Galactic Diffuse Gamma Ray Emission 

P. Sreekumar NASA/Goddard Space f light Center, Code 662, Greenhelt, Ml) 20771, USA 
{on behalf of the EGRET team). 

Abstract. The phase \ all-sky survey in high energy gamma rays 
(E ^ 30MeV) carried out by F:GRET aboard the Compton Observatory 
clearly shows the presence of diffuse gamma ray emission from the Galactic 
plane. This emission is generally believed to result from the interaction of 
cosmic rays with the interstellar medium and the interstellar radiation field. 

Since the interstellar medium is well observed via 21-cm line and CO 
observations, diffuse gamma ray observations can be used as a powerful 
tool to examine the nature and distribution of cosmic rays in the Galaxy. 

The observations can be compared with a calculation of the expected 
diffuse emission model from the Galaxy. 

Key words: Gamma rays: observations: milky way diffuse emission: 
cosmic rays. 


1. Introduction 

The most intense source of high energy gamma rays in our Galaxy arises from the plane 
of the Milky Way. This was observed in the past by the SAS-2 satellite and later studied 
in greater detail by the COS-B satellite. Efforts to explain the origin of the diffuse 
galactic emission generally assumed that these gamma rays arise from cosmic ray 
interactions with the interstellar gas and radiation. An important goal of this study is to 
use gamma ray observations to improve our understanding of the nature and distribu¬ 
tion of cosmic rays in the Galaxy. In addition to information on cosmic rays, diffuse 
gamma ray observations can also provide an upper limit on the CO to normaliz¬ 
ation factor (X-factor). Prior to the launch of the Compton Observatory, the modeling 
ol the COS-B data was carried out using a multiparameter fit to the observed emission, 
showed indications of variation of cosmic ray density with galactocentric radius as well 
as an upper limit of 2.3 x lO^^Kkms ‘ for the X-factor (Strong et al. 1988). 

With the launch of EGRET aboard the Compton Observatory on April 1991, we 
have in orbit a high energy telescope (30 MeV to 30GeY) with a significantly improved 
angular resolution, a factor of 10 or more increase in effective area over COS-B and 
extremely low background. Details of the instrument, Us characteristics and pre- and 
post-flight calibration details are available in Thompson ai (1993). EGRET has 
carried out the first all sky survey in high energy gamma rays from April 1991 to Nov 
1992 (phase I). Preliminary results based on the phase I observations of the galactic 
diffuse emission are reported in this paper. Point sources were analyzed using a maxi¬ 
mum likelihood analysis to determine counts and intensity. This analysis used a galac- 


' Universities Space Research Association. 
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tic emission model of Bcrtsch ct al. (1993). Point source contributions were subtracted 
from the observed total emission, lo examine the spatial distribution and spectrum of 
diffuse emission from the Galactic plane. 


' 2. Discussion 

The observed diffuse gamma ray emission from the plane can be compared with the 
model calculations of Bertsch et ai (1993). Fig. la shows the longitude dependence of 
the observed intensity averaged over ± 10 in latitude. The solid line represents the 
model of Bertsch et al. (1993) together with an isotropic extragalactic component of 



180 160 140 120 100 80 60 40 20 0 -20 -40 -60 -SO -100 120-140-160-180 

Galactic Latitude 


Fig. Ic 




Figure 1. EGREl observations of the Galactic diffuse emission, showing longitude profile 
(figure la); latitude profile (figure lb) and differential spectrum (figure Ic). 
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1 X 10 ^ photonscm^ ^s-2ster“ ^ (Thompson & Fichtel 1982). It is remarkableihat the 
model reproduces many of the spatial features at various longitudes, considering the 
model has only two adjustable parameters and does not force fit the observations 
rigorously. The assumption by Bertsch et al. (1993) that cosmic rays are closely tied to 
the interstellar gas distribution appears to have a strong basis as seen from figure la. 
The latitude distribution averaged over the whole plane, is shown in figure lb and 
shows good consistency with the model predictions. The model requires an X-factor 
(one of the adjustable parameters of the model) of 2.0 x lO^^Kkms ^ or less to be 
consistent with the EGRET observations. The likelihood analysis indicates that only 
12% of the total observed diffuse emission from the Milky Way arise from point 
sources. There may still be unresolved point sources below the detection threshold of 
EGRliT, but this is not expected to be substantial. The spectrum from the region near 
the Galactic center is shown in figure Ic. It shows for the first time the predicted feature 
from gamma rays arising from n ' decay. This is an important signature of cosmic ray 
protons in the Galaxy. Additional results on the diffuse emission from the Galactic 
plane will be available in Hunter et ai (1994). 
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Short Time Scale Variability in the Solar Wind 

Pr^deep Gothoskar & A. Pramesh Rao National Centre for Radio Astrophysics 
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Abstract. Existing observations of Interplanetary Medium (1PM) over 
short time scales are incomplete due to lack of steerable telescopes dedi¬ 
cated for such observations. Consequently, understanding of fast interplan¬ 
etary disturbances and their association to the solar and geomagnetic 
activity has been inadequate (Neugebauer 1987). A programme of Inter¬ 
planetary Scintillation (IPS) observations was, thus, initiated using the 
Ooty Radio Telescop>e (ORT), where a few strong scintillating sources were 
monitored over a period of one year. These observations show significant 
interplanetary activity over a time scale of few minutes to hours. The 
disturbances observed during the monitoring programme can be under¬ 
stood with a simple model for interplanetary scattering produced by dense 
plasma objects moving at high velocities. This model was used to associate 
the events with their origin on the Sun and subsequent geomagnetic activity 
produced at Earth. 

Key words: Solar wind solar terrestrial physics. 


1. Observations and Model 

During 1990 May to 1991 March, 6 strong scintillating sources were monitored over 
a wide range of elongations (20"' 60"^^^ from the Sun) and heliographic latitudes. Each 
source was observed for about 9 hours to obtain scintillation data. For each day, IPS 
power spectra were obtained with time resolution of 1-10 minutes. Total, 33 interplan¬ 
etary events were detected during the programme, which were classified into slow, 
medium and fast events based on their morphology. For each event an estimate of Solar 
Wind velocity (Manoharan 1990) and scintillation index (a measure of strength of 
scattering and plasma density) was obtained. Two examples of the fast IPS events, 
observed on 31 July and 25 August 1990, are shown in Fig. 1 and Fig. 2. Both events 
show a remarkable increase in velocity and index in just few minutes. The event is 
preceded by extended precursor activity and is followed by complex post shock 
activity. 

In order to understand these transient events, we considered IPM composed of two 
components namely, normal and event component. While normal component was the 
steady state solar wind with empirically observed prop)erties, the event component was 
considered to be a dense cloud of plasma ejected radially from the Sun at high 
velocities. Each plasma cloud was characterized by a few parameters, such as, ejection 
angle 0, opening angle 0, density p and velocity V with a bow shock in front at stand off 
distance Movement of the plasma cloud across the line of sight was used to 
compute the time series of scintillation index and velocity. By varying these parameters, 
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Figure]. Interplanetary disturbance of 31 July 1990 was due to coronal mass ejection at 45 to 
the Sun-Earth line on 30 July. Extended bow shock of the event, seen here as precursor, produced 
sudden ionospheric commencement on 1 August. 



Figure 2. Wide spread solar flare activity on 24 August 1990 directed towards Earth produced 
the event of 25 August. A major geomagnetic disturbance was observed on 26 August associated 
with the event. 


the model time series was made to reproduce the features in the observed time series. 
These parameters yielded a better estimate of the velocity, density and directionality of 
the disturbance. 


2. Results 


The model time series, for the two examples presented here, is shown in Figs. 1 and 
2 (bold lines) which is superposed on the observed series of index and velocity (thin 
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lines). Parameters derived from these two models were, further, used to associate these 
events with the solar and geomagnetic activity. Event of 31 July 1990 was related to the 
Coronal Mass Ejection (CME) on 30 July and produced geomagnetic activity on the 
Earth on 1 August. The event on 25 August 1990 was due to wide spread flare activity 
on 24 August and was associated with the ionospheric disturbances on August 26. We 
have demonstrated that continuous IPS observations with high time resolution can be 
used to study short time scale activity in IPM. Such a data along with a simple model 
for mass ejection can be effectively used to associate interplanetary events with their 
solar origin and resulting geomagnetic disturbances. 
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Recombination Line Observations of the Galactic Centre Region 
near 325 MHz 

Anish Roshl & T. Velusamy Cenln'. Tata In:iiiiutc of Tundamcnial 

Research, L^dhac/amandalam 001, India 

1C. R. AnanthaTciniiliuh Raman Research Institute, Bunga/ure .560OSO, India 


Recombination lines (RLs) at frequencies < 1 (jHz are sensitive to large regions of 
low density (n,. < 50 cm ^) ionized gas. Evidence for widespread presence of such gas in 
the inner Galaxy has come from observations of RLs at 325 MHz from selected 
positions m the Galactic plane (Ananlharamaiah 1985) using the Ooty Radio Tele¬ 
scope and also RLs near 1420 MHz observed using the Green Bank and Jodrell Bank 
telescopes (Lockrnan 1976; Hart & Pedlar 1976). I'aking advantage of the improved 
sensitivity of the Ooly radio telescope (by a factor of -- 4), we are preparing for a large 
scale survey of RLs near 325 MHz from the Galactic plane. A spectrometer which can 
simultaneously observe four RL transitions in two adjacent positions is under con¬ 
struction. A prototype of this spectrometci is currently being used for observing a single 
transition within ihe Ooty band. We present here the results of the first observations 
which cover a 1 deg x 2 deg held around the Galactic centre. 


★ ★ ★ lA- ★ 

Structure in Interstellar HI in the Directions of PSR 1557 50 
and PSR 1641 45 

A. A. Deshpandc Ranum Kcsciirrh Inslilult’, Ww/if/ii/wc /mliti 

W. E. Wilson, E. R. Davis & D. McConnell lustralla Telescope f^^aiianal Taciliiy, 
Narrahri NSW 2390. Australia. 

P. M. McCulloch University of Tasmania, Rhysics Department, Ta.smama 7001, Australia. 


A technique to investigate the spectrum of scale sizes of intervening HI using pulsars as 
probes has been proposed recently (Deshpandc ct al. 1992, Mon. Not. R. astr. Soc., 
258, 19p). A comparison between the measurements of HI absorption spectra in the 
direction of T^SR 1557 50 at two different epochs has indicated that structure in the HI 
clouds may have much smaller scale sizes than believed earlier. We reexamine the case 
of PSR 1557 50 in the light of our recent 21-cm measurements from the Parkes 
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telescope. We also examine our data in the direction of PSR 1641 45 for changes in the 
HI absorption spectrum and discuss the results. 

★ ★★★★ 

Non Equilibrium Ionization and Elemental Abundances in TSvo 
Supernova Remnants 


K. P. Singh Tata Instiluit' of Fundamental Research. Bombay 400 005. India 

John P, Hughes Hanard-Smithsonian Center Jor Astrophysics. Cambridge. MA 0215H 


We have carried out nonequilibrium ionization (Ntl) analysis of X-ray spectral data 
from the Einstein Observatory and EXOSAT for a number of supernova remnants 
(SNRs), We present results from this analysis for two SNRs viz. 0292.0 -f 1.8 and W44. 
The spectra are well described by a single temperature and single-tirnescale NEl model 
for both the SNRs. The values for the temperature and ionization time scale are 
AT - 1.71 22 ^eV and n j 4.7!x 10‘^^cm '^s for 02920-1-1.8, and 

1.5±0.5keV and 6..V x 10^^’cm respectively for W44. In addition, the abun¬ 

dances of the elements O, Ne, Mg, Si, S, Ar and Fe are determined. 

For 0292.0 -h 1.8, numerical calculations of the nucleosynthesis expected for 25 M 
rogenitor agree best with the derived abundances. From the fitted emission measure 
and a simple geometric model of the remnant the mass of X-ray emitting plasma is 
estimated to be 7.3 ^ IjV , for an assumed distance of 3.6 ± 1.5 kpc. Clumping of the 
ejecta may, however lead to substantial errors on this estimate. 0292.0 -f 1.8 resembles 
the remnant Cas A (another product of a massive star supernova). 

In the case of W44, the elemental abundances are consistent with a mixture of 
material having cosmic composition and ejecta from a 20 or 25 M^ progenitor m the 
ratio of ~ 4 to 1. F rom a geometric model and the fitted emission measure we estimate 
the plasma density to be 0.145 cm Using the fitted value we obtain an ‘age’ of 
14,000 yrs, which agrees with the pulsar characteristic age of ~ 20,(XKlyrs. 

^ 

Instability of Gravitating Grainy Plasma 


Bhavneet Kaur & G. L. Kalra University of Delhi, New Delhi 110062. India 


The instability of plasma in the presence of another minor component, variously 
referred to as grains, dust or suspended particles, which interacts with the plasma 
through collisions is of interest in the laboratory as well as geo- and astrophysical 
situations. The instability of compressible, gravitating, hydrodynamic fluid in the 
presence of interstellar grains was first investigated by Kalra & Talwar (1967). 
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Subsequently several authors carried out similar studies by including viscous effects of 
the compressible gravitating hydrodynamical fluid or plasma threaded by magnetic 
field. The present paper points out errors in the viscous term used by the earlier authors 
and employs correct equations to derive the dispersion relation. The discussion of the 
dispersion relation shows that the classical wavelength at which Jeans’ instability sets 
in remains unaltered. 


★ ★★★★ 

The Neutral Hydrogen Subsystem in the Milky Way: The 
Movements and the Structure 


I. V. Petrovskaya St. Petersburg state University, l9}iW4 St. Petersburg, Russia. 


The interpretation of 21 -cm line profile gives the possibility to find the velocity field and 
density distribution of neutral hydrogen subsystem in our Galaxy. To obtain the 
rotation curve we use not only the tangential point but the whole 21-cm profile. We 
correct the confusion of outer rotation curve as a result of the warp of hydrogen layer. 
The structure of inner regions was investigated simultaneously with the rotation. We 
found the ring structure for 0.4 < R/Ro < 0.66 and 4-arm spiral for 0.66 < R/Rq < 1 
(Rf^ - the distance of the Sun from the Galactic centre). Ttve requirement of the best 
fitting of HI and Hll rotation velocities gives = 7.5 kpc. 


★ ★★★★ 


The Effect of Time Dependent Tidal Forces on Molecular Clouds 


Mousumi Das & Chanda J. Jog Department of Physics, Indian Instititie of Science, 
Bangalore 560 012 


We present a study of the cflbcl of the time varying tidal field on a molecular cloud. 
When a molecular cloud moves in epicyclic motion in the galactic disk potential, the 
tidal field across the cloud changes with lime. The magnitude of the variation depends 
on the amplitude of the radial and vertical oscillations. Since a molecular cloud has 
internal dissipation, there will be a net exchange of energy between the cloud and the 
disk gravitational field. We have tried to determine the elTect of this time dependent 
tidal field on cloud collapse and hence sec whether it can act as a source of energy for 
a cloud. 

A molecular cloud is taken to be a bound system of equal mass clumps moving in a 
tenuous interclump medium. The cloud mass is ~ 10^ and radius 50 pc (Falgarone 
& Puget 1986, Astr. Astrophys., 162, 235). An n body method was used to evolve the 
motion of the clumps within a cloud moving in the Galactic potential (Carlberg & 
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Innanen 1987, Astrophys. 94.666). To lake inlo account the internal dissipation, the 
equation of motion included a damping term proportional to the clump random velocity. 

We find that the time dependent tidal field does not significantly delay the collapse of 
a cloud; both for the disk and nuclear region. Hence we conclude that the tidal field 
cannot support the internal motions of a molecular cloud. 


★ ★ ★ ★ ★ 

Dynamics of Clumps in Molecular Clouds 


U. Gorti & H. C. Bhatt Indian Institute of Astrophysics, Bangahtrc 560 034. India. 
I. P. Williams Queen Mary and Westfield Colleffc. London. England 


The motion of clumps in a molecular cloud through the ambient inter-clump medium 
has been numerically analysed. The forces acting on an individual clump considered 
are the gravitational force due to the cloud, a drag force due to dynamical friction on 
the clumps by the gas, alongwith an increase in mass of the clump because of accretion. 
The clumps are initially given random positions and randomly oriented virial veloc¬ 
ities. About a hundred clumps with masses according to a power law' mass spectrum of 
index 1.5 are integrated over times typically of the order of a cloud lifetime. The 
dynamical drag acting on a particle is dependent on its mass, and thus clumps of 
different masses have in general different retardations. 1'he most massive particles 
suffer the maximum decelerating effects and settle to the center in a shorter time than 
the lower mass clumps. Thus there is a clustering of the clumps towards the center, and 
a radial segregation of mass is established in the cloud. The timescale of the process is 
governed by the cloud parameters, and is shorter for denser and cooler clouds. 
Molecular clouds are thus expected to have the most massive clumps at the center. Such 
a structure is also expected for the highly dense cores from which stars form. If each of 
the cores forms a single star, then this cloud explains the mass segregation observed in 
many young clusters of prc-main sequence stars and YSOs, 


★ ★ ★ ★ ★ 

Cosmic Rays and Interstellar Medium 


Sukumur Biswas Tata institute of Fundamental Research, Bombay 400 005, India. 


Recent results on low energy cosmic rays obtained from spacecrafts in the interplanetary 
medium such as Voyager 1,2, Pioneer lO and II and inside the magnetosphere e.g. 
Spacelab-3 have provided information on the following two new aspects of the interstellar 
medium. (I) The anomalous cosmic rays (ACR) were identified as being in singly ionized 
state in the Spacelab-3 Anuradha experiment and hence it is concluded that these originate 
from interstellar neutrals drifted into the heliosphere as in Fisk model. Thus the data on 
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ihe abundances of major components of ACR such as He, N, C), Ne have been used to 
derive the abundances of neutral atoms in the kx:al ISMwith calculated fractionations due 
to ionization and acceleration processes. (2) The Spacelab-3 Anuradha showed that a 
fraction of about 20% of low energy galactic cosmic rays are in partially ionized slates 
at ^ 1(X) MeV/N. These indicate that in ISM reacceleration has taken the place of the 
OCR heavy ions which captured electrons at 1 10 MeV/N energies. The implications 
are discussed. 


★ ★ ★ ★ ★ 

Interplanetary Scintillation Measurements and Deformation of 
Heliospheric Current Sheet 

B. Bala & S. R. Prabhakaran Nayar LonrtT.suy of Kcralci, I rivan inim 61.^5 , Inditi 


The inlerplanetary medium is filled with solar coronal plasma and magnetic held 
driven from the Sun by the solar wind. The solar wind velocity distribution in the 
interplanetary medium is best represented in two dimensions in a v-map in the helio- 
graphic latitude and longitude. In this study, we have constructed v-rnaps on the source 
surface for the Carrington rotations 17K7 to 1795 during 1987, using the interplanetary 
scintillation measurements. The.se v-maps are used to study the time evolution of low 
speed reuion in the heliosphere and to deduce the distribution of solar wind velocity on 
the heliospheric current sheet for these rotations. Wc fousid that the evolution of low' 
speed belt is similar to that of neutral line and the velocity varied in the range 300 to 
5S0km s during the period of study. This velocity distribution on the current sheet 
has been found to distort the shape of the current sheet as it travels outward from the 
Sun. The magnitude of deformation increases with (1) the magnitude of gradient on the 
HCS and (2) the distance from the Sun. 

★ ★ ★ ★ ★ 

Effects of Two Types of High Speed Solar Wind Stream on Cosmic 
Ray Intensity and on Geomagnetic Disturbances 

Pankaj K. Shriva.stava & R. P. Shukla New Scicnct' COIlcgc, Rcw ii 4'S6(}()1 , India 


It is known that the High Solar Wind Streams (HSWS) originate from coronal holes or 
during solar flares. These two types of high solar wind streams have been separated with 
respect to their origin into two categories (Mavromichalaki ct cil. 19H8). Their clTects on 
cosmic ray intensity as well as on geomagnetic disturbances have been studied using the 
chree methcxl of superposed epoch. The high counting rate Deep River neutron monitor 
data have been used to observe the cosmic ray intensity variation during the declining 
phase of solar cycle 21. It is found that the flare generated streams are more eflectivc to 
produce cosmic ray decreases and enhancement in geomagnetic activity. 


★ ★★★★ 
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A 327 MHz Interplanetary Scintillation Survey of Radio Sources 
over 6 Steradian 

V. Balasubramanian & P. Janardhan Radio Astronomy Centre, Jatu Institute of 
Fundamental Research, IJdhagamandalum 64^001, India. 

S. Ananlhakrishnan National Centre for Radio Astrophysics, Tula Institute of Fundamental 
Research, Pune 41 / 007 India. 


A systematic interplanetary scintillation (IPS) survey has been initiated to detect 
compact components in all radio sources above 1.5 Jy al 327 MHz in the declination 
range - 40 < t^ < 40 and 0 to 24 h in right ascension. However, at 327 MHz, the IPS 
method is useful only for solar elongation r in the range 15 to 55 , and hence the area 
covered h ^6 steradian of the sky. The radio sources were selected from the Texas and 
Molongolo Catalogues. 

The major objectives of the above survey of about 5CX)0 radio sources are as follows: 

■ To rapidly produce a finding list of compact sub-arc second sources (< lOOmas) for 
the space VLBl mission ‘Radio astron’ due for launch in 1996. 

■ To obtain a spatially well distributed list of scintillating sources around the ecliptic 
plane for mapping ‘interplanetary weather’. 

■ To have a statistically viable sample for studying compact components in extra- 
galactic radio sources. 

3500 sources have been observed from August 1992 to May 1993 and the survey is 
expected to be completed by October 1993. Of these, about 40% have compact 
scintillating components. A preliminary analysis shows that weak, medium and 
strongly scintillating sources constitute approximately 60, 25 and 15% of this sub 
sample. The majority of strongly scintillation radio sources have significant flux density 
(> 250mJy) in compact structures 150 mas at 327 MHz. 

During the course of the survey, there were about 6 to 8 instances of enhanced 
scintillations on particular days; that is, the scintillation indices of some sources aie 
much higher than expected. These enhancements were characterized by rapid onset 
and slow decay with time. A few of the cases w ere traceable to energetic events on the 
Sun. 


★ ★ ★ ★ ★ 

Estimation of Solar Coronal Pla.sma Density by IPS Observations 


Hari Om Vats & M. R. Deshpande Physical Research Laboratory, Ahmedabad 
380009, India 


Observations of several compact radio sources have been made since 1984 by an IPS 
telescope operating at 103 MHz. From these observations standard m vs e curves have 
been obtained. The data is used to calculate g values which is the ratio of 
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the rms value of the observed scintillation to the expected average value of the 
scintillation at the same solar elongation angle e. The g value is empirically found to be 
related to the plasma density in the interplanetary medium. This empirical relation has 
been used to estimate plasma density in the interplanetary medium. Thus we obtain the 
plasma density at the point of closest approach for all the observations. These plasma 
densities are projected back to solar corona and also modified appropriately by inverse 
square of the distance away from the Sun. The results are presented and discussed. 


The Geminga Supernova and the High and Intermediate Velocity 
Neutral Hydrogen Concentrations 


V. R. Venugopal inter University Centre for and Astr{)physu s, Pune 411 007, Imliu 


Recently Gehrels & Chen (1993, Nature, 361 , 7()6) have proposed that the hot cavity, 
the Local Bubble, was caused by (he Gcrntnga supernova. They have computed the 
galactic latitude of the supernova to be - 11.7 and they also tind that the cavity has 
a large scale high-density boundary with the Perseus OB associations at galactic 
longitude 145 . This direction, 14.5 . 11.7 disclose to the direction of the s(dar motion 

derived by Venugopal (1970, Nature, 228, 44) for higH and intermediate neutral 
hydrogen condensations (HVC and IVC) of the Berkeley Radio Astronomy Labora- 
toiy Survey (Dieter 1969, Puhl. ustr. Soe, Pacitic, 81 , 186). In view of the agreement 
between these directions it is suggested that these condensations are caused by the 
(icminga supernova. 


★ ★ ★ ★ ★ 

Infrared Emi.s<«ion from Hll Regions: An Analysis of IRAS Data 


D. B. Vaidya & B. G. Anandaiao Ph Ysiidl Research iMhoratory Gujarat College, 
Ahmedahad, India. 


Infrared Astronomical Satellite (IRAS) survey includes a large number of galactic HII 
regions observed in both photometry and spectroscopy. From the IRAS-low resol¬ 
ution spectra (LRS) on Hll regions we have selected about 10 sources with no 
discernablc emission or absorption features but with only continuum in the range 
8 22gm. Using a radiative model (Anandarao ct al. 1987. Astr. .Astrophys., 203, 361) 
and assuming that a single O B star is embedded in the Hll region, we have determined 
dust parameters: temperature, optical depth, shell size and masses (given in I'able 1). 
The absorption efficiencies of dust grains required in these computations were obtained 
using the optical constants given by Draine (1987, Princeton Obsei vatory Preprint 
No. 213). We found that rather large grains (0.5 1.0/im) are required tofii the observed 
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Table 1. Dusi parameters in the HIl regions selected. 


Source 


AFGL5182 
AFGL 890 
AFGL961 
G294.5-01.6 
S40 

AFGL 2211 
AFGL 2492 
AFGL 2591 
S138 
S162 


Dust temp.(K) 

122 

114 

138 

128 

150 

151 
138 
149 
130 
134 


F:xtcnl(sler) 

2.2e 08 
3.5c 08 
1.7e 08 
L5e 08 
8.0c 09 
3.8e 09 
2.7c 08 
L2e 07 
l.Oe 08 
L9c 08 


Optical depth 

Lie 03 
2.7e 03 
1.8e 03 
2.9e()4 
Lie 03 
4.9e 03 
Lie 03 
LOc 04 
L7e 03 
2.7e 03 


Dust mass (Mq) 

4.1c 05 
L5e 04 
5.0e 05 
2.4e 06 
L4e 05 
3.1e 05 
5.0c 05 
5 .1e CM 
2.9e 05 
8.4e 05 


data. Anomalous extinction (R = E(a - V)/E{B - V) -- 5.2) found towards some HII 
regions (Cardelli et al. 1988, Astrophys. J., 95 , 516) supports the presence of such larger 
grains. Earlier we have shown models (Vaidya & Anandarao 1993, BASE in press) with 
core-mantle particles to fit the observed anomalous extinction towards the Orion 
region. Further work on these lines is in progress. 

★ ★★★★ 
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Mass Loss from Wolf-Rayet Stars 

Bambang Hidayat Department of Astronomy l.J B. and Bosscha Ohserialory. I.T B.. 
Lemhang. Java, Indont'sia, 

Abstract. The phenomenon of mass loss from Wolf-Rayet stars is briefly 
reviewed, with particular emphasis on its influence of Wolf-Rayet evolution 
and the role played by these stars in galactic chemical evolution. 

Key words. Mass loss— Wolf-Rayet stars chemical evolution. 


1. Introduction 

As early as in 1929, Beals (1929) argued that stars are losing matter in a more or less 
spherically symmetric way now called stellar wind. But it was Adams McCormack 
(1935) who show'cd observational evidence of matter flows from stars. The blueshifted 
components of low excitation lines of some metals, of some red giants spectra, were 
interpreted as the Indication of material flow. P-Cygni line profiles were then used as 
the basis of measuring mass-loss rates. 

It his been generally accepted now that most of the stars arc losing matter. 
Analytical expressions relating the mass-loss rate and the basic stellar parameters arc 
formally expressed as 

M-/(T,r,„); or 

Theoretically derived prediction has been given by Abbott (1982) who used a radiation- 
driven model for early type stars. This, already, gave the basic relationship between the 
mass-loss rate and terminal velocity, , and showed that almost all massive OB-stars 
sulTer from mass-loss. 

Like OB-stars, WR spectra show' intensestellar wind.l he rate at which WR-stars arc 
losing mass was estimated of the order of 10 '' 10 yr. In recent years (see review' 

by van der Hiicht 1992), improvement in the formulation of mass-loss rate have 
accommodated considerations related to: 

1. High carbon abundance, and a low icmi/ation. 

2. An outward decreasing degree of ionization. 

3. Improved distances of WR-stars. 

The above mentioned considerations, naturally, do not act independently nor produce 
the same effect. 

Prinja et al. (1990) and Willis (1991) estimated respectively 2 10 x 10 ^ 
overall mean WR mass-loss rate is 5 x 10' ^ w^/yr. The results on mass-loss rate cited 
above suffice to indicate that WR stars suffer high mass-loss rate which, in turn, should 
influence the evolution of these stars. 

With the high mass-loss rate of WR-stars, it can be expected that the return of mass 
to the interstellar medium by WR winds is significant, despite the fact that WR-stars are 
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very rare. The stars constitute only 5% of the luminous stars within 3 kpc from the sun 
(van der Hucht er al 1988). Abbott (1982) already (in 1982) has attached the importance 
of the contribution of WR-stars to the interstellar medium. Recent works which 
emphasized the significant impact of mass loss of massive stars to the galactic 
environment were given by Matteucci (1991) and Leitherer et al (1992). 

The purpose of this paper Is to provide a review of the mass loss of WR-stars in 
2 aspects:namely the influence on the WR evolution and, by inference, their final states 
and the role the WR-stars play in the galactic chemical evolution. 


2. Measuring the mass loss 


The calculation on mass loss indicates that the WR-stars show large mass-loss rate 
which has prompted Johnson (1973) to suggest a search for radio emission from 
WR-stars. Wendker era/. (1975) were able to detect a very weak source of HD 192163 (a 
WN6 star) at 5 GHz. But the first certain detection that refers to the brightest WR 
object was made by Seaquist (1976). 

Mass loss rate can, in principle, be determined from the , the terminal velocity of 
the wind and the free-free emission of these stars at radio wavelength. This emission 
arises at large distances from the star, where it can be thought that the wind has reached 
a constant terminal velocity. Wright &. Barlow (1975) assumed a stationary and 
isotropic stellar wind arrived at mass-loss rate as. 


M/V^, 


0.0951.1 


where is the terminal velocity of the wind in km sec is the observed radio flux 
in Jy; D is the distance to the stars in kpc. The other symbols, v, y, g and /i respectively 
express the molecular weight per ion, z is the mean number of electrons per ion: the 
Gaunt factor; and frequency in Hz. Z ^ the r.m.s. ionic charge. 

Barlow et al (1981) have derived mass-loss rates for 6 WC and 15 WN stars from the 
predicted flux at 5 GHz, which was computed on the basis of the measurement of the 
free-free fluxes at 10and the average spectral index between infrared and radio 
frequencies of y2 Vel and HD 192163. They obtained 

M(WC)- 4.7 X 10 
M(WN)-3.2 X lO Vi^./yr, 

Radio observations of WR-stars at the frequency of 4.9 GHz conducted by Dickcl 
et al (1980) for HD 192163 (WN6 binary) give the value of M ^ 2.6 x 10 and 

the value of emitting region was found to be quite extended, around 10"*^^^ ,. 

Van der Hucht et al ( 1986) elaborated the method of mass-loss rate determination by 
taking into account the enhanced abundances of carbon and oxygen in WC-stars. They 
also computed detailed ionization balance in both WN and WC stars. Higher value of 
mass-los" rates of 1 1.5 x \0 m^Jyr were obtained for WN7 and WC stars. This 
value is upto 3 times larger than that obtained from pure He-envelope consideration 
only. The results were confirmed by Schmutz & Hamann (1986) who calculated 
non-LTE model of the atmospheres of WR-stars. 



Mass Loss from Wolf-Raye( Stars 


303 


In determining the mass-loss rate, information regarding terminal velocities of the 
winds of WR-stars plays an important role. The terminal velocities are generally 
determined from the absorption edge of P-Cygni lines in the uv The extreme-violet 
edge velocities were already determined by Willis (1982) for ten WR-slars. Here the 
observed lines of higher ionized species yielded large edge velocities, and the relation 
between the velocity and the excitation potential is approximately linear. Recently, 
Nugis (1989) suggested that V^ depends on to the power between the limits from 
1.5 to 2.2. There are some deviations from this prescribed formula, and are attributed to 
Alfven waves (in the case of the Sun) and shell ejections in some other peculiar stars. 
Applying his TlnivcrsaF formula, Nugis (1989) calculated M for 50 WR-stars and 
obtained results which lie within the uncertainty limits (by a factor of 2), 

Rigorous methods to obtain better estimates for mass-loss rate have been performed 
by William & Lenens (1989) and by Howarth & Schmutz (1992). High-quality near- 
infrared spectra of 24 galactic WR-stars (from 0.97 /xm 12 fim) were i sed as the basis of 
the study by Howarth & Schrniitz. Twelve other stars of known distance arc added lo 
the sample. The use of strong Hel, the 10830 A triplets, ensured better determination of 
the density-related parameters which is a function of mass-loss rate and terminal 
velocity. One of the results which is important in the context of this review i.< that 
Howarth &. Schmutz (1992) found that mass-loss rales depend only weakly on mass, 
but there is a statistically significant correlation between surface mass flux and 
temperature. Moreover it is found that the difl'erence between the spectroscopic and 
radio (4.9 GHz) mass-loss rate is small, and there is no discernible diOerenee between 
WC and WN subtypes. The results give confidence to applying spectroscopic mass-loss 
rates for distance WR-stars. where radio observation is ^ol available. 

Mass is elTectivcl} losl by the star if it travels uninterrupted through the envelope. 
What is elTcctivcIy measured are density and vc]«)cily in onl) limited parts of the 
envelope, from which a mass-loss rate M \s derived. Implicitly M is well defined and 
derived as long as the flow is spherically symmetric and is m a steady stale. Abrupt 
change of wind velocities or densities must be dealt with separately. In his review van 
dcr Hiicht (1992) cited the relative importance of clumping lo the uncertainly of 
mass-loss rales. This factor alone can reduce the calculated mass-loss rales by a factor 
of 3 lo 5. 

One other possible explanation of high mass-loss rates is the fluctuation theory 
proposed by Andricsse (1980). The theory is based on the occurrence of statistical 
fluctuations of non-thermal energy in stellar atmospheres. It predicts a mass-loss rate 
for all types of stars. The yield was 9 x 10 ‘‘m /vr. The value shows that m is 

sufficiently large, although the connection between the non-equilibrium of the stellar 
envelope and the mass loss is still to be explained. 

Detailed modelling of extended atmosphere of luminous stars is still necessary, in 
order to discern more subtle features other than radiation-driven winds. At present we 
have learned that the radiation-driven winds theory can explain consistently mass-loss 
rates of WR-sTars, but it cannot be shown that all WR-stars are losing mass through 
this mechanism only. In the formulation of Nugis (1989) for example, he indicates that 
his formula predicts a strong dependence of mass-loss rate on helium fractional 
abundances which shows that in helium-rich stars the mass loss is mainly caused by 
some sort of ‘deep-seated process’, which is able to amplify mass-loss. 

A comparison of physical and dynamical problems in envelope of stars in late 
evolutionary stages may be appropriate at this point. As pointed out by de Jager et ai 
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(1988), the stars increase their mass-loss rates from solar-like values, that is 10 
to much larger rates of 10 ^ to 10 “^mQ/yr for WR within a time interval much smaller 
than their lifetime prior to m.s. phase. The picture that can be drawn from their analysis 
indicates that the chemically evolved stars have mass-loss rates larger than those of 
normal stars occupying the same positions in the HR diagram. The value for the WR- 
stars is 10 to 20 times larger than that of normal O-stars with T similar as WR stars. 


3. Evolution 

For a long time, metallicity was not considered to play a major role in massive star 
evolution. Maeder( 1990) explained that the cause for not having included Z-factor was 
obviously due to: 

1. Observations of population 1 WR in our solar neighbourhood essentially re¬ 
vealed stars of similar Z; and 

2. The dominant opacity source in massive stars is electron scattering. This quantity 
is Z independent and therefore, the Z-effect was considered very small. 

With the radial change of WN/O distribution in our galaxy, and the accumulation of 
WR stars in other galaxies of difl'erent Z the formerly hidden Z-influcnce on WR 
distribution became apparent. In the SMC, where Z is low, and so arc the mass-loss 
rates, the WR population is strikingly different to that in the solar neighbourhood 
where Z is high and, therefore mass-loss rates are substantial. This is an observational 
evidence for Z-factor in the WR formation rate in that the evolutionary property on 
M was found so strong that even a weak dependence of M on Z would be able to 
account for the observed WR distribution (Maeder 1990). 

For the presently observed mass-loss rates the consequences of the stellar winds on 
main sequence evolution are small. However mass-loss efl'ect on the appiearance of stars 
during the He-burning phase may be large. The lifetime of massive star during the He- 
burning phase is 


/(He) - /(BSG) + f(RSG) + r(WR). 

The value of the 3 stages depends very sensitively on M and M. If large M occurs in the 
RSG stage, the earlier the star will be peeled off and evolve to the phase of a bare core, 
which we generally identify as WR-stars. Spectroscopically, WR-stars are subclassified 
into WN late; WN early and WC stars whose distinctions are actually the reflection of 
the differences in the surface composition of the stars in each group. 

The detailed discussion of the process will be left out from this review, but it may be 
sufficient to show that the generally adopted scenario of the massive star evolution, 
which lead to WR star formation (Maeder 1990) is the following. F or initial masses Mj 
and M 2 respectively 50and 35the following route to form WR may be 
followed; 


M>M,-^0~ Of BSG - LBV - WR SN 
M,> M> M2^0 BSG YSG - RSG WR - SN 
M-, > M - RSG (with or without Cepheid Loop) - SN. 
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At present new grids of models of massive stars evolution for Z = 0.002 through 0.040 
have been computed for the mass range between 15m^^ and 120^.^ (cf. Maeder 1991). 
The grids enabled one to immediately see the lifetimes, luminosities, 7^,^ ^nd chemical 
compositions at various phases. This, in turn, serves as a tool to perform population 
synthesis and modelling of star bursts in galaxies. In order to reconcile the difference 
between the calculated WR luminosity, compared to that observed, average observed 
mass-loss rates are not used in the calculation. Instead, individual M, which incorpor¬ 
ated mass-loss rates for WNE and WC stars depending on the actual masses of WR 
were used. 

Maeder also included core-overshooting effect and 7^^^ values of WR-stars which 
have been corrected for the optical thickness of the wind. This is supposed to be due 
mainly to electron scattering. The important finding of all these corrections on is 
that WNE and WC have unique tracks in the HR diagram, which are almost 
independent of their initial stellar masses. In a general sense the WR stars move 
downwards and towards the higher temperature in the HR diagram. 

Langer (1991) while emphasizing also the metallicity effect on the massive stars 
evolution also applied mass-loss and semi convection as the mixing process to reveal 
the CNO products to the surface. M as a function of A/ is obtained in this analysis. 

Returning to Maeder’s analysis (1991), he found that for Z ^ 0.02 all stars with 
M, 25 w, , end their evolution wath masses in the range of 5 10 m , while the length of 
time the star remains on WR phase increases with metallicity and A/. Moreover the 
scenario proposed by Maeder gives results which compare well wath the observed 
number ratios of WR/O; WC/WR and WC/WN in our galaxy (van der Hucht et ul., 
1988), for fn > 35 m,.,. 

DiscussiorLs of the mass regime of WR predecessors have already been given by many 
authors. In this short review' this will not be represented, but, instead we wall present the 
possible connection between SNe as descendants of WR stars. The final outcome of 
WR path toward SNe seems to be determined by the absence or not of hydrogen in WR 
although the discrimination between hydrogen containing and hydrogenless WN star, 
as WNL and WNE is not always in general agreement with one another. 

It is thought that for WR which contains hydrogen there exists a second independent 
region of nuclear energy generation besides that of the burning central energy source. 
Langer (1991) viewed that the duration of WNL phases may increase with increasing 
initial mass, making it possible that the WNL lifetime becomes comparable to that of 
He-burning stage. This implies that some massive stars would never lose their 
H-envelope completely, and this will raise consequence of their final stages. 

The facts about SNII are very interesting in this connection. The presence of 
hydrogen in SNII is common. From the theoretical point of view no homogeneous 
SNII can be expected since both core and envelope masses may be originated in a wide 
range of presupernova stages (including RSG; BSG in case of SN 1987 A and 
Wolf-Rayet stars). Perhaps only WN with the highest mass can be a SN(II). The low 
mass WR end the final phase of their evolution in WNL. 

For hydrogenless WR the situation is slightly different. Once a massive star has lost 
its hydrogen envelope completely, its internal structure becomes simple and, more or 
less, independent of its previous life. Langer (1989) showed the effect of mass dependent 
WNE and WC mass-loss rates. For stars of 45 lOOm^^ the final mass is 

almost the same for the whole range, and it is in the range of 5-10 . Since those stars 

lose their hydrogen envelope, it may be thought that they will give rise to type SNI. 
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Ensman & Woosley (1988) found that the light turves of exploding iow' mass hydrogen¬ 
less WR-stars look similar to observation of SN of type lb. The connection between 
type lb SN and WR stars, if it can be strongly established, would support the concept of 
the mass dependence of WR mass-loss rates. 

A recent treatise by Nomoto (J991) indicated that the maximum brightness and fast 
decline of typical Ib/Ic SN light curves can be explained in terms of helium star models 
with masses of 3 5 . This implies that only WR stars with 3 5 m,, could become 

a type Ib/lc progenitor. However, lots have to be bridged between the observed 
frequency of the type Ib/Ic SN and birth rate of massive stars which is still too small. 

Metallicities have been sh».)wn to influence the formation of SN types from the 
original wide range of stellar masses. The range of initial masses leading to SN from 
WR stars is much shorter in low Z than at high Z. In this case the number of type lb SN 
should be less in low Z, compared to that in large Z environment. More observational 
data are still needed lo affirm the above mentioned consideration. 


4. WR-stars and interstellar medium 

Although WR stars only have a lifetime of about 0.1 of the lifetime of their progenitors, 
their mass-loss is about 10 times more intense than the mass-loss of 03 stars. The 
implication is that there is much contribution of mass and energy from WR stars into 
interstellar medium. 

Based on the corrected mass-loss rates of 0,B,A Sg and WR stars van der Hucht 
et al. (1986) obtained the following; 


Parameter 

WR 

C) 

BA 

M 

77% 

19% 

14% 


74% 

28% 

2% 

1/2 M Vi 

70% 

28% 

2«/o 

L 

8% 

65% 

27% 


Here one can see that only the radiative energy input of WR stars is superseded by 
other types of stars. The other parameters, mass-loss rates by stellar wind, the wind 
momentum and the wind energy deposit are all dominating as compared to the same 
parameters of other stars. 

The question which may arise is that whether the chemical enrichment of the galactic 
environment arises from WR stars or from nova and supernova. Using the data of the 
previous table, it can be shown that 95% of the total energy input into ISM comes from 
radiation. Abbott (1982) put forward an argument that the storage of energy by winds 
and supernova is more efficient than the deposit by radiation. The outcome would be 
that the stellar radiation dominates the heating of HU regions but SN are the 
dominating source of energy for the cloud motions. 

Matteucci (1991), based on several line of arguments showed that if WR were the 
progenitors of type lb SN, the galactic chemical evolution would not change substan¬ 
tially with respect to the case of white dwarfs (C-O) being the progenitors of type Ib SN. 
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Thus the results of abundance determinations may not be, as yet, used to decide the 
path of star evolution which lead to SN. But of course, given the number of WR 
(Maeder 1991) the enrichment of ISM by WR stars can be predicted. He argued that 
and "^Ne abundance increments is large (^2 order of magnitudes) at the 
transition from WN to the WC stage. 

The formation of ^^Al, as shortlived isotopes has been the subject of discussions in 
relation with the contribution of WR stars to the ISM. The decay of this isotope gives 
rise to a gamma photon that can be observed directly from satellites. On a time scale of 
a million years the decay of the isotope emits photon at 1.809 MeV. Deaborn Sc Blake 
(1985; 1988) considered the production of ^^'Al during core H-burningin massive stars, 
where it is formed by proton capture on ^"'Mg. For the massive stars, i.e. M = 100 
they produced some 10^ of ^^Al per star. Prantzos et ul. (1986) and Prantzos 
& Casse (1986) viewed that the production of ^^Al in the convective core of massive 
stars, by including overshooting in their model calculations they obtained more ^^Al 
than that predicted by Deaborn & Blake. The ^*’A1 is injected in the interstellar medium 
by the mass-loss during the Of and WN phases. The estimated ^^'Al production, after 
taking into account the gradient of metallicity, is 1.11 x 10 per WR star. 

Signore & Dupraz (1993) showed that, contributions from type il SN and WR stars 
amount to 1.35 m,,, and 0.35 ^ respectively, by assuming that the total galactic rate of 

core-collapse supernova is 4 per century. 
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We must distinguish between binary systems that are losing muss because they contain 
stars that would lose mass even if they were single, and binaries that are losing mass 
because their characteristics as binaries create circumstances in which mass will be lost 
at particular stages in the evolution of the system, even though similar single stars 
would not lose significant amounts of mass. The principal example of the first group, of 
course, would be a binary containing an early-type star. It is now well established that 
all such stars arc losing mass through their stellar winds. Thi.s fundamental characteris¬ 
tic of such a star is not changed by its membership in a binary system. If the companion 
is a small star, without a very strong wind of its own, it will probably have little effect on 
the wind of the early-type component. Many binaries, however, contain two, often 
roughly similar, early-type components m relalively close proximity. Obviously the 
two winds are going to affect each other. There is now a body of both theoretical and 
observational papers on the subject of colliding or interacting stellar winds (Shore & 
Brown 19SK; Gies & Wiggs 1991). The interested reader can hnd references to. and 
some discussion of them in papers by both Sahade and myself, presented two years ago 
(Sahade 1992a; Batten 1992). Shock waves arc created in the region where the winds 
collide, and enough matter accumulates for emission features to become detectable in 
the far UV and X-ray regions. The wand itself may cease to be isotropic and become 
strongly directional. Systems which are currently believed to show evidence of such 
colliding winds include Plaskett's star, AO Cas, 7 Vcl, and possibly Y Cygni (Koch, 
private communication). Does this collision of the w ind in any w ay affect the evolution 
of the stars from which they originate'^ 1 think that this still has to be explored, both 
observationally and theoretically. The collision, of course, occurs some distance away 
from cither star, and its direct effect on the stars can only be small, if not negligible. The 
development of chaos theory, however, has made us all more aware of how a small 
perturbation may have disproportionately large effects, and it would be worthwhile for 
someone to investigate whether or not the evolution of early-type stars in binaries 
believed to have colliding winds is any different from that of similar single stars. 

Obvious examples of stars whose loss of mass is a consequence of their being m 
binary systems are provided (we believe) by all novae and p^vssibly some supernovae. 
I shall not discuss these phenomena in detail as I have little doubt that they will be dealt 
with by other speakers, who are better qualified than I am to do so. I would like to 
emphasize, however, that, whereas early-type stars losing mass through winds are 
releasing only their surface layers, unaffected by nuclear processing within their own 
interiors, supernovae, as is well known, are generating and releasing heavy nuclei. Even 
novae are probably releasing some processed material; although the nova explosion 
involves only the outer layers of a star, it is believed to be the result of mass transfer that 
has exposed deeper layers and that thermonuclear reactions do lake place during the 
outburst. 
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The nexi group of binary systems to consider is the one with which I am most 
familiar: the Algol-type systems. These contain a moderately massive primary - usually 
of late B spectral type and a secondary component that is oversized and overluminous 
for its mass. Agreement is now very nearly universal that these systems are the result of 
large-scale mass-transfer from the erstwhile more massive component that has become 
the present-day secondary. When it first became possible to compute the effects of 
mass-transfer (Kippenhahn & Weigert 1967) it was necessary, in order to make any 
progress at all, to assume that the mass transfer was conservative (i.e. no mass lost from 
the system as a whole). At that time, the dimensions for Algol systems were only 
approximately known and, somewhat to everyone's surprise, the conservative approxi¬ 
mation seemed to fit. It seemed that if only enough trial compulations were made, it 
would be possible to deduce what the progenitors of Algol or U Cep, or some other 
system, must have been like. However, we were all aware that the conservative 
approximation was a computational convenience. It was not reasonable to suppose 
that one could pour several solar masses from one star to another without spilling 
some. As the number of compulations increased, and our knowledge of Algol systems 
grew more precise, it finally became obvious that the conservative assumption would 
not work. Over twenty years ago, Plavec (1973) rejected it on theoretical grounds, and 
not long after, Kondo et ai (1980) found evidence, from lUE observations of the 
resonance lines of Mgll and FEII, for mass loss from IJ Cep. Some estimates of 
mass-loss rates from Algol systems have been made(Sahade 1992b), and they lie in the 
same range as those for stellar winds from early-type stars, namely, 10 8 to 10 5 solar 
masses per year. We note that there is reason to believe that this mass will also be 
partially processed. If .several solar masses are lost by the primary star, then layers in 
which thermonuclear reactions have been going on are likely to be exposed. There is 
some evidence for unusual CNO abundances in such systems (Plavec 1983), that would 
be compatible with the supposition that deeper layers had been exposed. Very little 
thought has been given to the possible effects of this on the interstellar medium. The 
only discussion I know of it is brief and unsatisfactory (Giuriem et al. 1983). 

There is, of course, a wide variety of binary systems that are believed to have been 
formed by a combination of mass-transfer and mass-loss. Sahade (1992a) lists eight 
different groups, including the Algols and the cataclysmic variables. Some of them, such 
as the symbiotic stars (Kenyon 1992), he believes to be undergoing a second stage of 
mass-loss. In this group, mass is lost from a red-giant component through a stellar 
wind, which again is believed to lead to losses in the range of 10 7 to 10 5 solar masses 
per year. Another group that displays evidence for mass loss is the so-called RS CVn 
group (Rodono 1992). These systems contain two cool stars, main-sequence or 
sub-giant, at least one of which is chromospherically active. They appear to have strong 
magnetic fields associated with them, and these enhance the mass-loss considerably 
compared with the normal rate for solar-type stars. 

Thus we find the concept of mass-loss, particularly in conjunction with that of 
mass-transfer, to be essential for our understanding of how close binary systems came 
to be the way they are. Quantitatively, al least, these concepts seem able to explain 
a wide variety of systems, and we are beginning to fill in the quantitative picture 
although there is still a long way to go, and some of our ideas may be changed. It also 
becomes clear that binaries are an essential part of the mechanism by which stars and 
interstellar matter are kept in equilibrium. That is, binaries are, in many different ways, 
responsible for returning matter to the interstellar medium and that matter is often 
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enriched in heavy elements. Thus, binaries are an important constituent of galaxies, 
since they affect both the dynamical and chemical evolution of the latter. 
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Abstract. Observational data on the evolution of angular momentum 
during the pre-main sequence and early main sequence are summarized, 
and a possible connection between Li depletion and rotation is explored. 

Key words: Stellar mixing lithium abundances. 


1. Introduction 

Due to its fragile nature, Li is easily destroyed in the stellar interior. In the last decade, 
scores of observations in stars of various ages and evolutionary phases have revealed 
a complex pattern of Li abundances which must hold clues to mixing mechanisms that 
operate in the stellar interior. Due to the limited length of this article, I will not attempt 
to review all of the observations and theories referred to during my talk. Here I will 
elaborate on interesting observational evidence that appears to indicate a link, between 
the rotational history of K dwarfs and the Li depletion that occurs in them. 


2. Rotational evolution to the ZAMS 

Rotational breaking of stars on the main sequence has only been known since the 
discovery of rapidly rotating K dwarfs in the Pleiades (van Leeuwen &, Alphenaar 
1982). Since then, through observations of clusters of different ages (see review by 
Stauffer 199f), it has been established that the timescale for spin down increases 
towards later spectral types. Such mass-dependent spin-down can be broadly under¬ 
stood if the convective envelope of the star is assumed to decouple from the core so that 
the increasing fractional mass of the envelope from G to K to M dwarfs results in the 
longer spin-down timescale at later spectral types. The typical spin-down timescale for 
a K dwarf is about 2 3 x 10*^ years. Since the age spread within the young clusters 
Alpha Persei and the Pleiades is only about 10 Myr (Prosser 1992; Soderblom et al. 
1993a), K dwarfs in these clusters have not had time to spin down and the observed 
distribution of rotational velocities must be representative of the velocities with which 
they first arrived on the ZAMS. The observed rotational velocities indicate that a large 
fraction of the stars arrive as slow rotators on the main sequence having somehow lost 
most of the angular momentum they must have acquired during pre-main sequence 
(PMS) contraction. A smaller fraction appears to rotate rapidly on arrival on the 
ZAMS. 

^Present address: Department of Astronomy, The Ohio State University, 174 West IHth Avenue, 
Columbus OH 43210, USA. 
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Recent observational studies by Bouvier et al. (1993) and Edwards et al. (1993) find 
that the rotational periods of classical T Tauri stars (CTTS) are typically long 8 
days), while weak-lined T Tauri stars (WTTS) show a large spread in rotational periods 
extending from periods typical of CTTS and to very short periods (~ 2 days). Since 
CTTS are thought to be associated with accretion disks, they suggest that CTTS do not 
spin up until they have dissipated their accretion disk and become WTTS, and the 
spread in rotational velocities may thus be related to the longevity of the accretion disk 
around the star. 


3. Lithium abundances in young clusters 

Observations of Li in K dwarfs in young clusters show a decline in Li abundances in 
stars cooler than about 52(X)K with a spread in Li at a given Rapid rotators lie 
preferentially along the upper envelope of Li abundances and the lower envelope is 
populated by slow rotators. This was first pointed out for the Alpha Persei cluster 
(Balachandran, Lambert & StaulTer 1988) and more extensive data in the Pleiades 
(Soderblom el ai 1993b) bear out these findings. EMS models are able to predict the 
upper envelope of Li abundances (e g. D’Antona & Mazzitelli 1993) but, clearly, larger 
amounts of depletion have occurred and rapid rotation appears to inhibit this 'extra’ 
depletion. Since the K dwarfs have not had time to spin-down by the age of the Pleiades 
and Alpha Per, this 'extra’ depletion is not a result of rotational spin-down on the main 
sequence. LJnless the correlation between Li depletion and rotation is entirely fortuitous 
(i.e., the ‘extra’ depletion occurs on the main sequence and the lack of‘extra’ Li depletion 
in the rapid rotators is simply coincidental), this Li depletion pattern must have been 
estabbshed during the PMS phase, perhaps by the same prtxx^sses which regulate the angular 
momentum of the star. This explanation is not as straightforward as it may seem because the 
correlation between the lack of‘extra’ Li depletion and rapid rotation is not one to one; 
slow rotators are found along the upper envelope as well. 




Figure L Lithium abundance as a function of rotational velocity (vsini) in the a) Alpha Persei 
and b) Pleiades clusters. 7'hc data are taken from Balachandran, Lambert & Stauffer (1988); 
Soderblom et al. (1993b) and Garcia-Lopez, Rcbolo, & Martin (1993). The open symbols 
represent stars with 4400 K < T < 5200 K and the filled symbols, stars with T < 4400 K. 
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Recent observations by Garcia-Lopez, Rcbolo & Marlin (1993) in ihe Pleiades have 
added another twist to this scenario. They point out that the correlation between La 
depletion and rotation exists only in K dwarfs between 0.7 and 0.9 M (5200 K 
44(X) K). At masses less than 0.7 ,, all stars show large Li depletions which appear to 

be independent of the rotational velocity of the star (see b ig 1). 

It is conceivable that main sequence depletion may become very elTective in these 
lower-mass stars so that even though they arrive on the ZAMS with the same Li- 
rotalion distribution as the carly-K dwarfs, both rapid and slow rotators then deplete 
their l.i so quickly that the Lj-rotation distribution is no longer perceived by the age of 
the Pleiades. Alternatively, the PMS angular momentum regulation mechanism may 
become ineffective in controlling Li depletion in the low-mass stars. This Imding 
prompts one to enquire if there are any significant differences in the rotational periods 
of WTTS and CITS at masses above and below 0.7 M, Unfortunately the present 
data samples of Bouvier et al. (1993) and Ldwards et al. (1993) do not contain any CTTS 
with spectral types later than MO. The 6 low-mass stars in their samples are all WTTS 
with fairly large periods. It would he very useful to measure rotational periods in later 
spectral type T Tauri stars; the Li data appear to indicate that additional information 
may indeed prove to be quite exciting. 
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SN 1993J in MSI: Photometry and Spectrophotometry 

T. P. Prabhu Indian Institute of Astrophysics. Bangalore 5 f> 0034 . India 

Abstract. CCD photometric and spectropholometric observations of the 
peculiar type lib supernova 1993J in M 81 (NGC3()31) were made from 
Vainu Bappu Observatory, Kavalur during the first two months since the 
outburst of the supernova. The spectroscopic evolution was similar to other 
type 11 supernovae during the early phases, but lines of helium strengthened 
later indicating that the supernova was turning into type Ib like SN 1987K. 
The lines due to Ba II and Sc 11 were weaker than in SN 1987A appeared 
together with lines of helium indicating that there was no signihcant mixing 
in the hydrogen envelope. We use the absorption velocities together with 
photometric radii to make an estimate of the distance to M 81 using the 
Baade-Wesselink (expanding photosphere) method. 

Keywords: Supernovae; spectra supernovac: photometry supernovae: 
distances supernovae: SN 1993J galaxies: M 81 (NCiC' 3031). 


1. Introduction 

Spcctiopholomctry in the ultraviolet, optical and infrared bands of radiation consti¬ 
tutes the most important data on supernova (SN) outbursts since most of radiation is 
emitted in these bands around the time of maximum. The classification of supernovae 
has also been based canonically on optical spectroscopic information. While the basic 
classification scheme of type I (without the lines due to hydrogen) and type II (showing 
hydrogen lines in emission) has survived over several decades since Zwicky\s initial 
suggestion, deviants from this scheme arc becoming apparent during the last decade. 
SN 19H3N in M 83 (NGC 5236), type I according to the above definition, did not show 
the dip at 6150 A attributed to blue-shifted absorption of Si II w hich was seen in all type 
1 supernovae till then. Instead, it showed lines of helium (Richter & Sadler 1983; Prabhu 
1985). This class of SN is growing in number and has now been termed type lb. Type Ic 
has also been identified with the SN that shows lines due to oxygen instead of silicon. 
The early expectations on the homogeneity of type 1 SN have been growing thin even in 
the case of their light curves (Branch 1981), a fact that casts aspersions on their utility as 
distance candles. 

Type II SN light curves have been classified into plateau-type (P) and linear-type(L). 
Though this class was never considered to be a homogeneous one, the subluminous 
type Ii SN 1987A in LMC with very large initial expansion velocity and a secondary 
maximum in the light curve, and SN 1987K which turned from type II near maximum 
to type Ib at late times, have shown the diversity of phenomena that can take place in 
SN II (Harkness & Wheeler 1990; Fiiippenko 1991). It is thus important to study 
individual SN in detail in order to understand the physical phenomena involved. The 
discovery of SN 1993J in a nearby M 81 by F. Garcia (Ripero 1993) on March 28, 1993 
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provided such an opportunity since it reached a maximum brightness of V 10. 
Though the SN started as type II, as time progressed it became evident that it was 
peculiar with a good resemblance to SN 19K7K. We will call this a type Ilb SN 
following Wooslcy, Pinto & Ensman (1988). 

We present here a brief report on the results on SN 1993J based on observations 
obtained with the 1-m and 2.3-m telescopes at the Vainu Bappu Observatory (VBO), 
Kavalur. The detailed results will be published elsewhere. 


2. Photometry 

CCD images of the region around SN 1993J were obtained on a total of 11 nights 
between April 14 and May 23, 1993 at the prime focus of the 2.3-m Vainu Bappu 
telescope, generally in BVR bands and on two nights also through / band. The 
photometry was carried out differentially with respect to star B (Corwin 1993) as the 
comparison star and star A as the check star The colour corrections were made using 
the transformation equations of Anupama et al. (1993). The corrections needed were 
negligible during the early days when the colours of SN were similar to those of star B, 
but became very significant as the SN became progressively redder. The results are 
plotted in Fig. 1 together with other magnitudes available through the nova network 
(T. Kato, personal communication) and lAU Circulars. 

Based on pre-discovery and subsequent observations available in the literature we 
adopt the date of outburst as March 28, 1993. The initial rise was followed by a sharp 
drop to K = 11.9 on April 5. The SN then brightened slovv^ly to V 10.8 till April 18 and 
declined thereafter. This behaviour resembles the light curve of SN 1987A though the 
latter was about 1.4 mag fainter in absolute brightness in V band, and reached the 



Figure 1. The light curve.s of SN 1993J in BVRI bands. The dotted lines denote the observations 
from other sources available through the nova network and lAU Circulars. VBO observations 
are shown by open circles. 
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second peak - 90 days since the outburst compared to only - 20 days in the case of SN 
1993J. The models ofSN outburst constructed soon after the outburst of SN i9K7A (cT, 
Woosley 1991) qualitatively explain such light curves and require a low mass hydrogen 
envelope (Ray, Singh & Sutaria 1993). The SN according to this model brightens 
quickly due to the deposition of the shock energy. This is followed by a sharp drop as 
the expanding envelope cools adiabatically. When the temperature drops sulficicritly to 
allow recombination of hydrogen the luminosity rises slowly and steadily to the 
secondary maximum due to the recombination radiation as well as due to the release of 
trapped radioactive energy of newly synthesized ‘’^Ni and its daughter ‘‘"’Co. The 
recombination front moves continuously inward until it hits the base of the envelope. 
The final decline is characteri/ed by the decay of ^*‘Co. It remains to be verified w heiher 
several other SN also have a similar light curve with the first maximum and rapid 
decline missed by observational selection (Woosley 1991). 


X Spectrophotometry 

CC’D spectrophotometric observations were carried out mostly with the 1-m Zeiss 
reflector, and in the early phase also with the 2.3-m VBT. The dispersions employed 
were about 5 A per pixel. Observations were obtained altogether on 16 nights between 
April 1 and May 18. 1993.1 eige 34 was used as spectrophotometric standard and star 
B as comparison. The reductions were carried out using the RESPbC T package at 
VBO(Prabhu & Aniipama 1991). 

The spectra on April 13, 14, May 17, 18 are shown in i ig. 2. These were the epochs 
when the best wavelength coverage could be obtained. Fhe most prominent lines at the 
lirst epoch are, Ha, He U5876 + Na 1 D, and several lines of Fc 11 (//4568, 4924, 5018, 



Wavelangth (A) 


Figu 1. Spectra ofSN 1993J on 1993 April 13, 14, and May 17, 18. 
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the last two blended with H/?; /.5169 blended with Mg I ;5183; 5276, 5284, 5317. 5363 
blended with each other). At the later epoch, the Hdc line showed distinctly double 
structure. The emergence of He 1 a 7065 and strengthening of He I a 5876 imply that the 
structure in Hot is due to the superposition of the P-Cygni profile of He I /.6678. The 
features near Aa 4925, 5015 shouW hence be identified with He I rather than Fe 11 at this 
stage. The lines O I kill A as well as Ca II infrared triplet are much stronger at the later 
phase. The emission at a 5535 is very likely due to [Ol] a 5577. This transition has 
a higher value of critical density and is generally present at relatively higher density 
diff use matter. The blue shift of the centre of this line is suggestive of asymmetries in the 
envelope. The absorptions due to Ba II A6141 and Sc II /6245 are evident clearly on 
May 17 at Aa 6078, 6170. These dips can be traced back with some difficulty till April 19. 
The s-process elements like Ba and Sc are expected in the helium layer and not in the 
H + He envelope. Their strength in the spectra of SN 1987A indicated mixing of the 
envelope matter with inner layers (see Dopita 1988). The emergence of these lines in SN 
1993J during the phase when lines of helium strengthened imply that there was no 
extensive mixing. 


4. Spectroscopic distance to the supernova 

The temperature and angular radius of the photosphere can be estimated from 
a black-body fit to the observed magnitudes (e g. Ray, Singh & Sularia 1993) or 
by comparing the colours with a sup>ergiant (Ashoka ct a\. 1987). The absorption 
velocities due to lines formed near the photosphere give us the rate of change of 
photospheric radius in absolute units. A comparison of the spectroscopically deter¬ 
mined radius with the observed angular radius gives us an estimate of the distance to 
the supernova. 

Two sources of systematic error in such an estimate are known (Schmidt-Kaler 
1991). First, the geometry of the photosphere need not be spherical as assumed. 
Spectropolarimetry of SN 1993J by Trammell, Hines & Wheeler (1993) is indicative of 
departure from spherical symmetry though both prolate and oblate models can explain 
the asymmetry. Depending on whether the actual geometry is prolate or oblate, 
Schmidt-Kaler (1991) had estimated in the case of SN 1987A that the derived distance 
needs to be multiplied by 1.05 or 0.95. The continuum polarization is higher for SN 
1993J compared to SN 1987A and hence the correction factor would probably depart 
from unity by a larger amount. 

Secondly the photosphere may not behave as a blackbody. The model calculations 
for SN 1987A indicated that the photosphere was grey and a correction factor of 0.95 
needed to be applied to the derived distance during the secondary maximum (Schmidt- 
Kaler 1991). A similar correction factor may be applicable in the case of SN 1993J 
during the secondary maximum. 

The velocities of absorption dips yield expansion velocities of the envelope. The 
velocities derived from different lines in SN 1993J show a similar trend as observed in 
SN 1987A (Ashoka e\ at. 1987). The Hat yields the highest velocity indicating that it is 
formed well above the photosphere. The weak lines like Fe II aA 4568, 4924,5018, 5176, 
53(X) yield the lowest velocities and are probably formed close to the photosphere. The 
velocities decrease as the photosphere recedes with resp>ect to the matter. The decrease 
is sharp in the case of the weakest lines particularly after April 23 when the photosphere 
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has probably reached Ihe boUoni of the H -i- l ie envelope. We will use velocities derived 
from the weak lines till April 23 as indicative of pholospheric velocities. 

Counting time from March 2K, the pmbable date of explosion, the observed 
velocities of Fe 11 lines between days 11 and 26 can be approximated by the parabola 

F,,^(r,) = 9260 4.668ri, 

where is in km s * and t^i is time since explosion in days. The angular radius of the 
photosphere should then vary as 




Usin^ the estimates of angular size based on UBVRIJHK photometry (Ray, Singh 

Sutaria 1993), we obtain from a least-squares fit to ihe above equation, a distance of 
4.2 ± 0.2 Mpe to the supernova. The best current estimate of the distance to M 81 is 
3T) T 0.3 based on the photometry of Cepheids using the Hubble Space Telescope 
(Freedman et ai 1993). A correction factor of 0.9 for possible oblateness and 0.95 for 
grey atmosphere would make the two distances agree exactly. 

The accuracy of the expanding photosphere method does not depend on the distance 
at all. Hence, we conclude that even ignoring the effect of asymmetric explosion and 
grey atmosphere, it is possible to estimate distances to supernovae to an accuracy of 
15 20 %. 
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Observations of SN1993j in BAO 

Li Qibin & Wang Lifan Beijing Astronomical Ohservaiory, 1000HO, Beijing, China 

Abstract. F^holometric and spectroscopic observations of SN1993j in 
Beijing Astronomical Observatory from April 7 to August 9 are reviewed. 
The observations suggest that SN1993j is undergoing a change from type 
lib to type Ib/c. Evidences for global instabilities in the explosion and 
asymmetric geometry of the ejecta are found from the observations, 

Key words: Supernovae; SN1993i photometry specirography. 


Continuous photometric and spectroscopic observations of SN1993j have been con¬ 
ducted in Beijing Astronomical Observatory since April?. f/.B, l\RJ photometry was 
made with 2048 x 2048 CCD attached to 60/90cm, Schmidt telescope. The spectro¬ 
scopic data have been obtained with spectroscopy attached to the 2.16rn telescope of 
HAG. A 512x512 CCD camera (1 pixel I'r 5.3 A) was used as the detector. The 
dispersion of the spectroscopy is 195 A/mm. We review preliminary results in this 
paper, in particular the spectra of the supernova SN199/; 

From early phase photometric observations, a second maxima of the SN1993j is 
found. The light curves of different bands are shown in Fig. 1. Fhe lime of the second 
maxima in the C, B, F, B, / bands, obtained from spline fitting, are as the following 
(Zhou et al. 1993). 

Band V B V R / 

Days (in April, 1993) 15.9 16.6 18.1 18.5 18.5 


The subsequent rapid fading of the SN is quite unusual for a typical type II SN, and 
has led several groups to conclude that SN 1993j is a type Ilb supernova like SN 1987K. 

Figures 2 and 3 show the wavelength calibrated spectra in arbitrary flux scale. The 
spectra are dominated by hydrogen Balmcr lines in early phase, later by metal lines 
from He, Na, Fe and Sc. The behaviour of the P-Cygni protilcs is seen in hydrogen 
Balmer lines as well as in He 5876 A/Na 5893 A line, which are typical in early 
photospheric spectra of supernova of type II. The behaviour of the 5880 A feature is, 
however, unusual, its strength increases even when the photospheric temperature 
decreased to about 6000 K. Absorption troughs in these lines are due iu resonance 
scattering of photons from the supernova photosphere. The measurements of the 
strengths of hydrogen Balmcr lines show a sharp increase in the first 20 days after 
explosion followed by a rapid decrease to 1.00 x 10 ^' erg cm ^ A ^ S ^ at a slower 
rate. After April 19, a double peak appeared in the Ha line (Hu et ai 1993a, b,c). The 
profiles can be due to either asymmetries in the explosion, or non-thermal emissions of 
Fie 1. After August 8, the structure of double peak in Ha line disappeared. It shows that 
the SN1993j is turning to a type Ib supernova. All these features show that the 
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Figure 1. [/, B, K ^ magnilude of SN1993j. 


supernova is not a typical type II supernova. Its late time behaviour is much more like 
a type Ib/c supernova than a type II supernova. 

As the supernova debris expands and gets more transparent, nebular lines start to 
appear. Since April 24, [OI]5577A, [OI]6300, 6364 A, was observed. The emission 
lines were formed primarily in the dense, deep metal rich layers of the ejecta. The 
profiles in this phase reflect the radial distribution of density structures and atomic level 
populations. 

The [OI] 5577 A line is strikingly stronger than the [Ol] 6300, 6364 A doublet. This 
is probably because the doublet happens to lie in the absorption trough of the P-Cygni 
profile of the Ha line. 

The flux ratio [OI] 6300/6364 A ~ 1 is different from what is expected for forbidden 
lines. In fact, the ejecta can be so dense that the forbidden lines can be optically thick 
due to quadruple transitions (Wang et al, 1993; Wang & Hu 1993). This gives a measure 
of density 


n-2x 10'7cm 


This number is in agreement with recent hydrodynamical calculations. 
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In the recent spectra of August 8, both the [OI] 5577 and [Ol] 6300, 6364 lines were 
fully developed and attained a ratio of about 0.25. The fOI] 5577, [Ol] 6300, 6364 A 
lines are blue shifted by about 18(K)km/s about 30 days after explosion. This blue shift 
happens at such an early date that it is unlikely due to dust formation in the supernova 
ejecta. This may indicate jhat the supernova photosphere developed a complex 
irregular structure near maximum light, and heavy elements were brought up into the 
hydrogen rich layer due to strong dynamical instabilities and chemical mixing. 
F orbidden oxygen emission emerges from regions outside of the supernova photo¬ 
sphere and photons from the receding side are strongly shielded by the irregular 
photosphere and therefore give rise to the blue shifted line profiles (Wang 8l Hu 1993). 

Another peculiar feature of SN1993j is that the hydrogen Balmei and oxygen lines 
are fine structured. This behaviour shows evidences of instabilities in supernova 
envelope, or dumpiness of the circumstellar medium. 

To summarize briefly, we have the following conclusions. 

■ SN1993j is undergoing a change from type II to type lb according to its light curve, 
early photosphere spectra and the disappearance of hydrogen Balmer lines; 

■ There are spectroscopic evidences for global instabilities and asymmetries in the 
explosion. The asymmetric nature of the ejecta is also firmly established by spectra 
polarimetric measurements of a Tl^XAS group. 
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Emission Line Spectrum of the Hot R Cr B Type Star MV Sgr 
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1. Introduction 

MV Sgr is one of the hot R Cr B stars with = 1 5400 ± 400 K. (Drilling et al. 1984) 
which shows light variations of R Cr B type with magnitude range 12 16. The spectrum 
near maximum light has been described by Hcrbig(19(i4, 1975). In the UV (ultraviolet), 
the low excitation lines exist in absorption (Rao & Nandy 1982) indicative of low 
temperature gas seen against the continuum of the B-type star. 

Higher resolution blue spectra obtained around light maximum have been analysed 
by JelTery et al. (1988). I’hey also discovered that the Fell emissions are split with peak 
separation of 68.2 km s ‘ and I WHM of 131 + 18kms V The central minimum of the 
emission is nearly at line centre and therefore the mean emission line centre gives 
a radial velocity very close to the one given by the abscrpiion lines. They attribute the 
line splitting to the large optical thickness in the line (JefTery et ai 1988). 

Forbidden lines of [S IIJ are observed in blue (Rao et al. 1990). Here we describe the 
emission line spectrum in the red region and the profiles of forbidden lines. 

2. Observations 

The observations were obtained in 1992 on May 22/23 with CTIO 4-m Fchellc 
spectrometer. The wavelength region covered was from 55(X) A lo /OOO A with a resol¬ 
ution of 0.(38 A/pixel. The wavelength calibration was obtained with a Fh Ar source, 
The spectrum reductions were done using the RFSPECT package at VBO Kavalur. 


3. Results and discussion 

7 hc spectrum is rich in emission lines predominantly due to Fell, Sill, Ol, Nl, CM etc. 
The emission lines of Hel have superposed absorption components (5875 & 6678 A). 
Ha is in emission. The absorption lines due lo CIJ, Nil, SlI, Nel etc. are present. 


3.1 Radial velocity 

We have measured the radial velocity of absorption lines (Nel, Nil, Cll etc.) of MV Sgr 
as — 94 ± 4 km s \ 
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Emission Line Spectrum of MV' Scfr 
3.2 The emission lines 
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The emission lines are mostly due to Fell, Till, Sill, OF Nl, Ci etc. The forbidden lines 
of [OI] (630(). 6.363 & 5577 A) and [Nil] (6.S83 & 5755 A) are present though weak. 

3.3 Radial velocities of emission lines 

m Forbidden Lines: The [Ol] (6300, 6363 &i 5.577 A) arc split with peak separation of 
- 72km s L The central minimum of the cmissiun is nearly at line ecnlix and 
therefore the mean emission line centre gives a radial velocity very close to the one 
given by the absorption lines. The | NH l line (5755 A) has a double structure and the 
central minimum of the emission is nearly at the line centre, (See 1 ig. 1). 

■ 7 he Fell lines (65 1 6, 6456, 6369, 631H A) are double structured witli peak separation 
of 68kms V The central minimum ol the emission is nearly centred on the 
absorption line velocity. Indicating the radial velocity ol Fell consistent with stellar 
velocity. 

■ Unf emission line has a double structure and the centra! niiniinum gives a radial 

velocity of 9K km s ‘ which is consistent with ( 94 ± 4 km s ') stellar velocity. 

m The central emission of Hel (5876 Sc 667KA) is red shifted and the absorption 
component is blue shifted showing complex prohlc. 

■ 77ic line ratios of (6300 -t 6365 A)/5577 A of \ 0\] and 6583 5755 of [Nil] indicate 

^ jO X 10^' cm ^ and ]\ x 1.6 x 10'^ K. Broad hand magnitudes m UBV tillers as 
given by F.andolt (1979) are used with E{B - F) — 0.45 to calibrate our spectra. 

Since many of the nebular lines are double (well separated peaks), the line splitting 
cannot be attributed solely to optical thickness but also to the geometrical distribution 
of matter either as a ring (disc) or as bipolar flow. 


Reference.s 


Drilling, J. S.. Sehi'onbeinc!, D., ITcbcr, U., Lynas-Cirav, A. \ . 1984, Astri)phy.\. ./., 27H, 224. 
Hcrbig, G. H. 1964, Astrophys. 140, 1317. 

Mcrbig, G. IT. 1975, Astrophys. 199. 702. 

Jdfery, C. S., Hcbcr, IJ.. Hill, TV W., Pollaeeo, D. I9HK, Mon. Noi R. astr. Soi .. 231, 175. 
Landoll, A. R. 1979, lAU Cire. No 3419. 

Rao, N. K., Nandy, K. 1982, J Astrophys. Astr. 3, 79. 

Rao, N. K., Houziaux, L., Giriiihar, S. 1990, Astrophys. Astr.. IF 37. 






Supplement to J. Astrophys. Astr. (1995) 16, 331 342 


Abstracts 

Infrared Spectroscopy of Accretion Disks in Young Stars 

John S. Carr Department of Astronomy, Ohio State University, J 74 W IHth Ave Columbus 
OH 43210 USA. 

Alan T. Tokunaga institute for Astronomv, University of Hawaii, 2f)S0 Woodlawn Dr 
Honolulu, HI 96H22 USA. 


Accretion disks are considered to be central to the formation of stars and planetary 
systems, and they are likely to play a role in the generation of mass loss and perhaps in 
the regulation of stellar angular momentum in young stars. While the evidence for disks 
around young stars is compelling, it is largely indirect, and most of the inferred 
properties of disks (accretion rates, temperatures, masses) are derived by modeling 
broadband spectral energy distributions. It is clearly important to establish kinematic 
evidence for the existence of disks and to identify spectroscopic diagnostics of their 
physical properties. Towards this goal, we have been studying the circumstcllar 
environment of young stellar objects (YSOs) through p’gh-resolution infrared spec¬ 
troscopy. Here w'e present the results of spectroscopy of the CO overtone emission in 
a number of young stars. 

The CO molecule is a good probe of dense neutral gas near YSOs because the 
temperatures (2(X)0-45(K) K) and high densities required for vibrational excitation are 
those expected in the inner regions of circumstellar disks. Our data and disk modeling 
provide strong spectroscopic evidence for rotating circumstellar disks. The most 
dramatic case is the highly obscured young stellar object known as WL 16 (Carr et al. 
1993, Astrophys. J. Lett., 411, L37). A Keplerian disk provides an excellent fit to the 
observed profile of the r; = 2 -0 bandhead and requires a projected velocity (r sim) for 
the CO emitting region of about 250 km s ' at the inner radius and 140 km s ‘ at the 
outer radius. The CO emission is marginally optically thick with a radial intensity 
distribution corresponding to a temperature law. The inner radius for the CO 

emission has an upper limit of 8 R^. In the young star 1548C27, the CO emission has 
a velocity dispersion about une-third that in WL 16. A Keplerian disk model fits the 
shape of the 2 -0 bandhead with an inner v sini of 90 km s ‘ and a r ^ temperature 
gradient. The minimum CO inner radius is 11 . Most young stellar objects with CO 

emission which have been observed at high-resolution show clear disk signatures or are 
consistent with disk origin. These include DG Tau, AS 353 A, and the BN object. 

Keplerian disk models reproduce the observed shapes and fluxes of the CO 
bandhead emission in the majority of YSOs observed. Useful constraints can be placed 
on the properties of the gas in the disk, including the radial distribution of the 
temperature and column density, and the physical sizes. These results provide some of 
the best kinematic evidence for disks in the inner regions around young stellar objects. 
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Polarization Variability in Isolated Y Tauri Stars 


M. V. Mekkaden Indian Institulc of Astrophysics, Bamialorc 560 OM. Judin. 


TW Hya and V4()46 Sgv arc two Isolated T Tauri stars', in the sense that they are 
located far from any known dark or molecular cloud. TW Hya shows light variation 
with a 2.195 day period. The observed amplitudes in dilTerent wavelength bands 
suggest that the light variation is caused by the rotational modulation of hoi regions 
(spots) on the stellar surface. We have found V4()46 Sgr to have a 2.44 day photometric 
period. Observations of these objects over several seasems show that quite often they 
exhibit irregular light variations also. 

As part of an ongoing program of polarimetric studies of T 1 auri stars, TW Hya was 
observed in VB VR bands on nine nights and V4046 Sgr w as observed in B V R bands on 
two nights with the 2.3 m Vainu Bappu Telescope at Kavalur during 1990 1992 with the 
F^RL-polarimetcr. The linear polarization (P''o) and position angle {() ) obtained for TW 
Hya show large variations. Tlie polariz.atiim observed on 24 March 1992 in B band was 
- 3%, whereas those observed on other occasions'were less than or close to 1 ‘Vo. The 
polarization does noi show any appreciable dependence on wavelength on most of the 
occasions and hence the mechanism for polarization i.s most likely dust grain scatter¬ 
ing. It is noticed that the position angles observed on two consecutive nights diOer by 

RO . There are observational evidences which show that TW Hya has active 
accretion disk. The rotation of the star would cause a variable illumination of the 
circumstellar material resulting in a net polarization 

V4()46 Sgr is a classical I Tauri star with strong spectral emission features. It has 
a photometric period of 2.44 days. The polarization measurements were made for 
V4()46 Sgi on 18 May 1991 and 15 March 1992. The position angles observed on these 
two nights remained more or less the same. But the wavelength dependence of 
polarization observed on 15 March 1992 was steeper than that otiserved on the other 
night. The mechanism of polarization in V4046 Sgr may be nonuniform illumination of 
its circumstellar envelope by a rotating spotted star. 

A clear picture of the mechanism that causes the changes in polarization and position 
angle m stars with hot spots can be obtained by simultaneous photometry and 
polarimetry over a few rotation periods. These stars have active accretion disks and due 
to the accretion through the boundary layer hot spots arc produced on the stellar 
surface. Polarimetric observations will help us to study the nature of the accretion disk, 
like the possibility of inhomogcneities in the accretion disk. 

★ ★ ★ ★ ★ 

Angular Diameter of Carbon Star TX Piscium from Lunar 
Occultation Observation.s in the Near Infrared 

Sam Ragland, T. Chandrasekhar & N. M. Ashok Physical Research Laboratory, 
Narrangpura, Ahftiedahad 3S0 009, India. 


A program of High Angular Resolution observations of stars and their circumstellar 
regions using the technique of lunar occultations in the near infrared has been initiated 
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at Gurushikar, ML Abu, India (72 47'}., 24 39'N, I68()m) and several occultalions 
have been successfully observed in the K hand (2.2//rn). In this paper we discuss the 
observations and results from detailed analysis of a day time (- 13:50 local time) 
disappearance lunar occultation of a carbon star TX I’sc observed with a 14' telescope 
on 27th Jan 1993 at Gurushikar. A LN 2 cooled InSh based IR photometric system 
developed at PRL (Chandrasekhar et al 1993) was used to record the light curve. The 
motivation for the present work came frt)ni a suggested world wide campaign by 
A. Richichi of observing TX Psc lunar occultalions in the infrared in 1993 94. 

A least-squares lit to the data involving source brightness, lunar velocity component 
in the direction of occultation and central time of occultation with a low order 
polynomial to simulate background light level has been carried out. 

The angular diameter of a uniformly illuminated disk of TX Psc deduced from the 
best model fit has a value 4h'iy ™ 7.5 ± 1 milliarcseconds.The mam source oferroi isduc 
to the large scintillation noise present in the data due to the small telescope aperture 
(35 cm) and daytime observation. Our angular diameter value appears to provide 
a better fit to the model atmospheric calculations of this star (Eriksson et uL 1986) than 
the earlier optical occultation measurements which have a high noise content (Ridgway 
et al. 1977). We derive the stellar elective temperature from our angular diameter 
measurement as 7^f, ~ 3390 ± 2(X) K. 

There is no apparent signature in the occultation light curve for a eircumstcllar shell 
of extent 4 5 stellar radii at a flux level f^,,^„(2.2//m) ^ T)[ 7+(2.2/im) |. 
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★ ★ ★ ★ ★ 

CCD Photometry of the Young Open Cluster NGC 366 

A. K. Pandey, B. C. Bhatt, V. Mohan, D. C. Paliwal & H. S. Mahra uitar 

Pradesh Stale Ohsen alory, Munora Peak. Naini 7al 263 129, India. 


The open star clusters can be used to trace the evolution of the Galaxy and its present 
dynamical state. Open clusters are also good tools to analyse the large .scale properties 
of the galactic disk and to test the theories of stellar and galactic evolution. To obtain 
fundamental information for such .studies duster’s distance, age and interstellar 
extinction inside the star cluster are mandatory which can be derived from the 
colour-magnitude and colour-colour diagrams of star duster. Such observations are 
lacking for most of the distant open star clusters. Therefore, we have started a system¬ 
atic CCD photometric investigation of open clusters which have not been observed in 
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detail so far. Here we report the results of our investigations of the open cluster 
NGC 366. 

The observations of NGC 366 were carried out in the f/,5, V,R and / passbands 
using the Photometries CCD 3CXX) system at r/13 Cassagrain focus of the 104-cm 
reflector of the Uttar Pradesh State Observatory during October 1992 and January 
1993. The multiple exposures were taken in order to achieve a total integration time of 
60 minutes in L/, 30 minutes in B and V and 5 minutes in R and / filters. The 
observations have been reduced using the Micro Vax 11 and Vax Stations installed with 
the ESO MIDAS software for image processing and DAOPHOT profile-fitting 
software for photometry. The photometric errors of observations (± a) arc found to be 
0.018, 0.023, 0.032, 0.017 and 0.024 mag in K (B - E),(L/- B),(K ~/) and (K- /) 
respectively. The CCD photometry of the cluster NGC 366 in UBVRI photometric 
passbands down to 19.5 mag, manifests a true distance modulus of 11.66 mag 
corresponding to a distance of 2.15kpc. The age of the cluster is estimated to be 
^ 25 Myr. The reddening in the cluster region is found to be variable having 
AE{B — k ) = 0.30 mag. 

The luminosity function (LF) of NGC 366 has been compared with the LP s of the 
other young open clusters and it is found that the luminosity functions agree fairly well 
towards the higher mass end. However, there is substantial variation towards the 
fainter end of the LF, because of a significant excess of low mass stars in NGC 366 as 
compared to other young clusters. 


★ ★ ★ ★ ★ 

Theoretical Models of Starspots’^ 


J. S. Park & H. S. Yun Department of Astr(momy, Seoul National University, Repuhlic of 
Korea. 


In the present study a starspot is assumed to be single, circular and in magnetostatic 
equilibrium, whose field configuration is under the similarity law. A set of magnetos¬ 
tatic model starspots of late type stars ranging from G5V to K5V has been constructed 
that uses as parameters the ratio of cflectivc temperature of starspots to that of its 
parent star the total magnetic flux (V ~ 5 x lO^^Mx, 1 x lO^'^Mx, 

2x IO"'^Mx,3x l()^‘^Mx and the angle of inclination = 75 at the outer edge of the 
penumbra. The resulting models are summarized in Table 1. 

It is demonstrated that the physical characteristics of starspots suggested by photo¬ 
metric, spectroscopic and magnetic observations can be accounted fairly consistently 
with our computed starspot models. It is found that the starspots have the total 
magnetic flux at least 10 -- 1(X) times that of sunspots in order to maintain their sizes. 
The field strength is sensitive to spectral type, which increases with later spectral types. 
In contrast to the field strength, the area of starspots depends strongly on the total 
magnetic flux. Despite several dilTerences in starspots and sunspots, it is found that they 
are qualitatively similar phenoma. Finally, it is hoped that the present study provides 
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some theoretical basis for using starspots in interpreting the peculiar behaviours of 
stellar light curves. 


★ ★ ★ ★ ★ 

Effects of Differential Rotation and Tidal Distortion on the Periods 
of Small Adiabatic Oscillations of Stellar Models 

V. P. Singh & M. K. Shanna University of Roorkec, J.P.T., Saharanpur 247 001, India. 


We have analysed in this study, the effects of differential rotation and tidal forces on the 
periods of small adiabatic oscillations of Roche model of a star. The law of differential 
rotation of the type w ^ has been assumed, where \v is the angular velocity 

of rotation of a fluid element at a distance s from the axis of rotation, h, and arc 
numerical constants. Terms up to second order of smallness in , 6^ and cj are retained. 
In this paper we use the approach of Mohan & Singh (1982, Astrophys. Space Sci., 85, 
83) to obtain the effect of differential rotation and tidal distortion on the period of small 
adiabatic oscillations of a Roche model of the star. A comparison of these results with 
the corresponding results in which only rotational efl'ects are considered shows that the 
eigen frequencies of differentially rotating Roche model increase (so that the corre¬ 
sponding periods of oscillations decrease in presence of tidal effects of companion star). 
However in absence of differential rotation the results show that with the increase in the 
mass of the companion star causing tidal distortion these eigen values decrease (so that 
the periods of oscillations increase). The value of T (ratio of specific heat) also affects 
eigen values; increase in the value of T increases the eigen value of the fundamental 
mode. The results show that compared to the undistorted model, the eigen fiequcncies 
decrease with the introduction of the angular velocity of rotation both for the case of 
solid body rotation as well as differential rotation. The decrease is larger in the case when 
angular vekxity is increasing from axis of rotation to outwards compared to the case in 
which angular velocity decreases from axis of rotation to inwards. Fhe cases where it 
partially increases and partially decreases are also presented. Our result shows that none of 
the models are found unstable as the fundamental modes in every case are positive. 


^ ^ ^ 

Stochastic Radial Pulsation of Gaseous Masses 

Anunay K. Chaudhary', M. K. Das^, R. K. TavakoP, V. B. Bhatia* 

'Department of Physics and A.sfrophysics, University of Delhi, Delhi 110 007, India 
^Sri Venkateswara College. University of Delhi, Dhaula Kuan, New Delhi 110021, India 
^Queen Marv and Westfield College, U>ndon. 


Recent studies of the photometric data of most of the variable stars suggest irregularity 
superimposed on the regular trend. The nonlinear theoretical modelling of stellar 
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Table 1 . Statistical parameters obtained for stochastic pulsation equation (1). 


Parameter 

c 

Method-] 

Method-la 

Mcthod-ll 

FPF 


n- 1.5,4- 

- 2.36058, B - 

3.82764,/? = 0.1 and F = 1.0 


E[X-\ 

0.05 

0.11675618 

0.11608376 

0.11608376 

0.11668377 


0.20 

0.31021487 

0.32692114 

0.3269211.“; 

0.30789209 


0.05 

1.03760470 

1.01183360 

1.01183360 

1.03722220 


0.20 

1.03397240 

0.98219118 

0.98219118 

1.04914560 


n - 3.0, A - 

- 0.990245, B - 

1.45628, = 0.1 and F - 1.0 


EfA-] 

0.05 

0.04867923 

0.04880220 

0.04880219 

0.04867154 


0.20 

0.15335832 

0.15949124 

0.15949124 

0.15318644 

£[A'^] 

0.05 

1.0(K)91370 

0.99636821 

0.99636821 

1.00087540 


0.20 

0.96156988 

0.93442869 

0.93442869 

0.96374422 


variability has been proved to be of great help in analysing some of the intricate 
features. However, the nonlinear dynamical studies of a system arc usually confined 
only to the predominant principal radial modes. Recently, inadequacy of the mean field 
equations describing a dynamical system has been pointed out in (Hoyng 1987, Astr. 
Astrophys., 171, 348; Moss cr al. 1992, Astr. Astr^phys.. 265, 843). In view of the 
importance of higher degrees of freedom, though may be of smaller amplitudes, in 
shaping the observed systematics we simulate the effect of such terms by a random 
fluctuating term / (r). In connection with stellar variability problems, we have consider¬ 
ed the nonlinear radial pulsation of a simple polytropic model, described by the 
following equation; 


('i -f Pq + q + AAq^ + BA^q^^ r/(f), (1) 

with the random fluctuating force, modelled by (^-correlated white gaussian noise. 
Various statistical parameters, listed in 1'able 1, are obtained by using the following 
approximate techniques; C umulant-Neglect Closure Technique (Das et al. 1993, in 
preparation) (fourth order closure: Method 1 and Gaussian Closure; Method la). 
Equivalent Linearization Technique (Chaudhary et al. 1993, in preparation) (Method 
II) and Fokkcr-Planck Method (f PE). The results obtained could be summarized as 
follows; 

■ h or a given value of damping coefficient (i and the nonlinearity factor r., and the noise 
strength T, the stationary values of the moments, e.g., mean and mean square 
displacement of the response decrease with an increase in the central condensation of 
the system. 

■ For a given polytrope, T and (i, these moments decrease with an increase in c.. 

■ Stationary Non-Gaussian response of the system differs considerably from the 
Gaussian response in polytropes with low'er central condensation. 


★ ★ ★ ★ ★ 
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Non-Linear Stability of a Cluster of Stars Sharing Galactic Rotation 


K. B. Bhatnagar & P. P. Hallan Department of Mathematics, Zakir Husain College, 
Delhi University, Jnwaharlal Nehru Marg, New Delhi 110002, India 


In this paper the non-linear stability of an ellipsoidal cluster of stars sharing galactic 
rotation has been studied. Chandrasekhar (1942) considered the motion of a cluster 
of stars sharing galactic rotation and moving in a field having both an axis and a 
plane of symmetry. The Lagrangian function L for a star of mass m of the cluster is 
given by 


L = T mB - a, 

where T is the kinetic energy, B is the general gravitational potential and Cl is the 
potential energy of the star. If the smoothed out distribution in the cluster is approxi¬ 
mated to a homogeneous ellipsoid, then Cl has the form 

where /Jq, constants depending on the density /» and the geometry of the 

ellipsoid, i.e. 


/i, = 71 G pP'-(a:h:c), i = 0, 1,2, 3. 

P'- is a number depending on the ratios of the axis a, h and c of the ellipsoid; a, i . z arc the 
coordinates of the star referred to a frame of reference C - XYZ rotating uniformly 
about Z-axis which is perpendicular to the galactic plane and X-axis is along OC, the 
line joining 0 (the centre of the galaxy) to C (the Centre of gravity of the cluster). 
Assuming that the dimensions of the cluster are small compared to i/j,, (roj, = OC) and 
neglecting all quantities of order more than one in a, y, z, it is found that the solutions of 
the linearized equations of motion are circular functions and therefore correspond to 
stable oscillations if p > p*, where the critical value p* of the density is given by 
(Chandrasekhar 1942) 


0.165 



Thus Chandrasekhar has considered the stability of the cluster of stars in the linear 
sense. In the present study the non-linear stability of the cluster is studied. This is done 
by applying Arnold’s Theorem (1963) which states that if 

(i) -\- K^(')^ Y K.oj.^0 for all triplet of integers /C,, K., K. such that 

|R'J-h|KJ + |K3|-^4and 

(ii) determinant D^O where are the basic frequencies for the linear 
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dynamical system. 



(0 = 

1,2,3.4), 

/ \ 



Vr-)i7Y/ 

7. = /, = 0 (i,,/- 

1,2,3), 



v-< 

,2,3), 


H = ( 1 )^ /, -f + (03/3 + ^c//f + hll + r/j + \ h 

is the normalized Hamiltonian with /,, /, as the action momenta coordinates, 

then the equilibrium is stable. The procedure followed is similar to that adopted 
by Bhatnagar & Hallan (1983). First of all first order normalization is done by 
the method given in Whittaker (1965). Then second order normalization is done 
for which BirkholTs normalization is performed by c.\panding the coordinates 
A,y, r in double D'Alembert's series. While applying Arnold's Theorem (1963), we 
have assumed that > (f >2 > The correct ordering of the frequencies (^j,, a)^ 
and (Oy, depends on the geomclry of the ellipsoidal form of the cluster and ordering 
of the constants /)\, (i^ and We have made the assumption r/;, >c >2 >^^>3 just 
to illustrate the procedure to be adopted for deciding the stability of the cluster 
We have found that the ellipsoidal cluster of stars sharing galactic rotation is stable 
in the non-linear sense for all densities ff > f>* and for the range of linear stability except 
w'hcre Arnold’s Theorem is not applicable. 


References 


Arnold. V. I 1963, Russian Math. LSuri ^i.s (London Math. Soc.) 18, 86 101. 

Bhatnagar, K. H.. IFdlan. \\ IV 1983, Celestial Meehanies. 30, 97 I !4. 

Chandrasekhar, S. 1942, principles of Stellar Dvnarnics, (New York; Dover Publications) 
pp. 213 223. 

Whittaker. 12 1. 1965, A ireiitise (ui the Analytical Dynamics of Particles and Rigid Bodies 
(London: Cambridge University Press) pp. 427 430 


★ ★ ★ ★ ★ 

Some Unidentified Features in the IRAS LRS Spectra of Cool 
Peculiar Stars 


M. S. Vardya & K. S. Krishna Swamy Tata institute of l- uiulamenlal Reseanh. 
Ihmhay 40(1005. liulia. 


Generally, it is believed that M-spectral type stars evolve to S-type, which in turn 
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go to C-type. Normally, circumstcllar shells formed due to mass loss show silicate 
features in M-type stars and silicon carbide in C-type stars. Recently, surprisingly, 
silicate emission features have been observed in some C-type stars as well. This has 
led to the suggestion that some M stars may evolve straight to C stars without the 
intermediate S phase. Low dispersion spectra are available of many of these and 
other peculiar stars from the IRAS. Many of these show a lot of weak features, 
identification of some of which may hopefully elucidate the true evolutionary nature of 
the stars. Our attempt in this direction has led us, in seven HCN stars, to tentatively 
identify 18 hydrogen recombination lines between 10.8 and 22.5 /nn wavelength range, 
originating from n - 7 to 20, with An = I to 10, as well as three features which may be 
due to helium. 


★ ★★★★ 

Short Time-Scale Monitoring of SiO Maser Sources 


Antony Joseph & C. S, Shukre Raman Resean h Jnslitute. Banifuline !>60 0S(), Indw 


With an aim to monitor the SiO maser emission from Mira variable stars at relatively 
short time intervals, starting in January 1993 dual polarization observations were done 
using the Raman Research Institute's 10.4m millimeter wave telescope. Maser 
emission was observed at 86.243 GHz in the v 1, J — 2 1 transition of SiO for liftecn 
stars at about two weeks interval. This paper is a preliminary report of these 
observations from January May 1993. The details about the observational system and 
method are given (Patel N. A. 1990, Ph.D. Thesis, Indian Institute of Science, Bangalore 
and Patel N. A., Joseph A., Ganesan R. 1992 J. Astrophys. Astr. 13, 241). The system 
temperature (DSB) in each polarization on a good day was about 6(X) K, leading to an 
RMS of 0.11 K for an integration of 6(X)scc. 

The sources selected were TX Cam, R Leo, VY Cma, OMC-1, VX Sgr, RX Boo, 
IJ Ori, U Her, R Cas, R Aqr, Omicron Cel, Mu Cep, W Hya, R Cnc, S Crb, Chi Cyg, 
R Dor, S Per, WX Psc, AH Sco, NML Tau and RT Vir. Here we report only on four 
sources R Leo, RX Boo, TX Cam, and U Ori. 

Generally the line profiles, width and line centres did not vary much in the 
monitoring interval. Our observations agree with previous observations of R Leo and 
TX Cam (Martinez A., Bujarrabal V., Alcolea J. 1988, Astr. Astrophys. Suppi, 74, 273). 
For RX Boo which is a SRB star the peak in SiO maser emission is seen at phase -== 0.08. 
The rise in antenna temperature in about one day is a factor of 3 (more than 6 sigma). 
Values of parallactic angles also indicate substantial changes in polarization over the 
same time interval. A second maximum is seen at phase 0.33, curiously enough 
a quarter of the period after the first one. In both Rx Boo and TX Cam close to 1(X)% 
linear polarization was seen on some days. In IJ Ori the SiO maser maximum seems to 
occur at phase = 0.18 and variations in both intensity and polarization with phase are 
indicated by observations. 


★ # ★ ★ ★ 



Abstracts 


341 


Coulomb Excitation and Production of P-Elements 

H. L. Duorah^’^ & K. Duorah^ 

^Department of Physics, Gauhati University. Guwahati 781 014, Assam, India. 

^Inter University Centre for Astronomy and Astrophysics. Ganeshkhind, Pune 411 007, India 


In a Z-N plot of the elements one observes that certain elements are proton-rich and are 
by-passed in the slow and rapid neutron capturing chains. These proton-rich elements 
are supposed to have been processed via rapid proton-capturing chain in the super¬ 
nova envelope (Duorah 196S). They are also thought to be produced via (y, n) reactions. 
Neutrino interactions are also being considered. Till now the abundance distribution of 
these elements has not been explained m a satisfactory manner. An attempt is made 
here to examine the Coulomb dissociation of the pre-existing s-elements in a hot 
astrophysical environment. The nuclei arc accelerated in the Coulomb held of other 
charges where pulses of virtual quanta are emitted, These high frequency pulses result 
from the Coulomb de-excitation of the nuclei and they break up the neutron-rich 
elements. There was a suggestion by Migdal (1973) that in neutron-rich elements there 
was the possibility of two neutrons forming a cluster. Depending on their binding in the 
nuclei, they may get dissociated under the action of the high frequency pulse leaving 
behind the proton-rich elements. We assume here that the s-elements undergo 
Coulomb acceleration in the held of a pi oton and they move in such a way that only 
electromagnetic interaction is cITectivc. We then try to examine the abundance of 
p-elements resulting from the ( 7 , 2 / 1 ) reaction on the s-elcments. 

The photodisintegration reaction Bjy, A')/t is the inverse of the radiative capture 
reaction d (A’, y)B. The photodisintegralion cross-section is always favoured over 
^car ^ Barnes 1990) under the circumstances. The high flux spectrum of virtual 
photons are produced by the time-varying electromagnetic field. The copiems source of 
virtual photon ofTers a promising way to study the disintegration process, where the 
cross-section for Coulomb dissociation is obtained approximately from 

We consider large impact parameter to ensure that there is no influence of the strong 
nuclear field. The minimum of the impact parameter is taken after Cline (1986) 

R= -M -f 5, fm (2) 

where Ap and Ap represent the mass numbers of the projectile and the target 
respectively in the case in point. The virtual photons in the high frequency limit are 
calculated from Jackson (1974). Using the expression for the Coulomb dissociation 
cross-section from Bertulani & Baur(1988), we have found that this lies between 1 and 
10 millibarns. The photon number per unit energy interval is then found to lie between 
2 3 X lO'^. The production rate of p-elements is then obtained. The abundances of the 
elements so obtained are then normalized to the abundance of ’ '“Tc, which was in turn 
normalized to Si 10^. 

A comparison between the calculated and observed values show that the agreement 
is sufliciently good. It shows that production of p-elemenl due to Coulomb dissociation 
in certain astrophysical setting is quite likely. We have mainly considered here the 
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(y, 2n) type of reactions. The Coulomb excitation due to electron in the high tempera¬ 
ture conditions may be crucial and it is suggested that a comprehensive study of 
Coulomb excitation is called for the understanding of this element build-up process in 
astrophysics. A detailed version of the work will be published elsewhere. 
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Probing the Solar Interior 

S. M. Chitre I ala Institute of Fundamental Researc h, Hcnni Bhahha Road. Homhav 400 005, 
India 


Abstract. The internal layers of the Sun are not directly accessible to 
observations, but the powerful handles provided by the measurement of 
solar neutrino flux and by the helioseisrnic data have considerably en¬ 
hanced our knowledge of the physical conditions prevailing inside the Sun. 
The standard solar model appears to describe the profiles of internal 
density and temperature reasonably well. It is suggested that a cooler solar 
core is not a viable solution of the solar neutrino pu//lc, the answ/ei to 
which should probably be sought in the realm c»f panicle physics. 

Key words: Solar interior solar neutrino solai models and seismology. 


1. Infroduclion 

The interior of our Sun is clearly not accessible to direct observations: nevertheless, it is 
possible to construct a reasonable picture of its inside. This is accomplished through 
a combination of theory and observations. It is a triumph of the theory of stellar 
structure that with the help of a set of mathematical equations governing the mechan¬ 
ical and thermal equilibrium of stars together with the boundary conditions provided 
by observations, one can infer the conditions prevailing inside the Sun. The central 
problem of the theory of stellar structure is to determine the density, pressure and 
temperature, particularly, their radial variation throughout the solar interior. 


2. Basic structure equations and input physics 

2.1 Governincf eeptutions 

The structure of stars is governed by conditions of mechanical and thermal equilib¬ 
rium. The mechanical equilibrium condition ensures that the pressure at any point in 
the interior is adequate to support the weight of the o\ ei lying layers. 1 or a spherical 
star, vve can express the mechanical equilibrium by llie following equations, 

d/hr) Gn)(/) 

- : -, /M.rl. 

d/' 


dm(r) 

d7 


— 47r"rp(/) 


Here /hr) is the pressure, p(r), the density and mlr) the mass internn to radius ;. 
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For Ihermal equilibrium, the energy loss at the surface as measured by its lumi¬ 
nosity must be compensated by the energy released by nuclear processes in the stellar 
interior; 


dr 




where L(r) is the luminosity and t: is the energy generation rate per unit mass. The 
condition that the flux of energy must be transported from the region where it is 
generated to the surface from which it is radiated determines the temperature gradient 
in the star. In much of the solar interior, for example, the energy is transported by 
radiative processes and the flux of radiation, is related to the temperature gradient 
by the equation; 


^rad ^rad 

where the radiative conductivity, = {4ac r^/3hp). Here c is the speed of light, a the 
Stefan-Boltzmann constant and k is the opacity so defined that (k 7 ;>) ’ is I he mean free 
path of a photon. If the temperature gradient becomes loo sleep, the layer becomes 
unstable towards convection and the energy is transported mainly by convective 
motions and partly by radiative processes. The instability condition for the onset of 
convection is V > V^^,, where V = d In 7/d In F and In T/c In P),. Such a condi¬ 

tion obtains in the outer layers of the Sun where the temperature is upwards of 10“^ K 
and consequently in the hydrogen ionization zone the opacity increases rather sharply 
in the process causing the temperature gradient to steepen. The convective flux, is 
written as 


f'eonv = - pressure scale height), 

P 

where an approximate expression for the turbulent conductivity is provided by 
a mixing-length theory. 

These structure equations need to be supplemented by auxiliary equations incorpor¬ 
ating the input physics which describes the thermodynamic state of the gas through the 
equation of state, the opacity and the nuclear energy generation rate; 

p = p(p, T,x, y;z), 

K FX, KZ), 

/: = r(p, FX, FZ) 

Here X, Y/Z are respectively the hydrogen, helium and heavy element concentrations 
by mass. 

The computations of stellar models depend on the assumed physical inputs of matter 
in the star; the equation of state, the opacity and the nuclear reaction rates. The 
conventional approach in stellar evolutionary calculations is to adopt a homogeneous 
initial chemical composition and the mass of the star and then evolve the star to yield its 
luminosity and the radius at its present age. In practice, however, for evolving the Sun, 
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it is convenient to adjust the initial helium abundance, Y^^ and the mixing-length 
parameter, a (=- mixing length/Hp) to fit the solar radius and luminosity. Thus, it is 
customary in such ‘standard’ stellar models to neglect effects of microscopic diffusion, 
overshoot from convective envelopes or cores, mass loss or accretion of material and 
mixing arising from rotational instabilities, the presence of rotation and magnetic fields 
and the consequent departure from spherical symmetry. 


2.2 State of matter 

In a large part of the solar interior (particularly, at temperatures exceeding 10^ K and 
densities exceeding 100 g cm ^) the material is essentially completely ionized. An ideal 
gas law is then the simplest approximation to the equation of state and the pressure is 
given by 


R 

P =.-J pT = - pT, 

mnP p 

(kfi, Boltzmann constant, mass of hydrogen atom) where R ~-(k„/w^i) is the gas 
constant. When the number of nuclei and electrons contributed by hydrogen, helium 
and heavy elements are taken into account, the mean molecular weight. 


1 

2A: + -iy + iz' 


Clearly, this simple description of the stale of matter is inadequate in the outer parts 
of the Sun. In these regions, both hydrogen and helium undergo various stages of 
ionization before getting essentially completely ionized at temperatures exceeding 
200,(X)0K. Furthermore, ionization aiso leads to a local decrease of = (din T’/dln 
P)^ and ri(-(d\n P/d\n p)J in different zones in the stellar atmosphere. This is 
displayed in Fig. 1 for the solar envelope where Fj is lowered from its ideal value of 5/3 
to about 1.21 in FI and Hel ionization zones, whereas in the Hell ionization zone F, 
falls only to about 1.58. 

The ionization equilibrium is described by the Saha equation which for a simple 
hydrogen plasma (without molecules) takes the form 




n„-^n^,_ (Inm^kgT) 


3/2 






Here n^.n^j -h, n^ . are respectively the number densities of neutral hydrogen atoms, 
protons, electrons and and F, are the statistical weight and the (negative) energy of 
the internal states of the hydrogen atom. In the simplest approximation, the equation of 
state avoids the problem of the divergence in the sum by including only the ground 
state. The Saha equation then becomes 

+ _ 2 ^ - i/k, 7 


where I = the ionization potential of hydrogen. 
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Figure 1. Adiabatic index, \\ iP In P/P In p) as a function of the fractional solar radius. 


Additional corrections to the ideal gas law include the elVecls due to pressure 
ionization, electron degeneracy, core packing, plasma screening and Coulomb free 
energy between the charged particles (cf. Eggleton, Faulkner & Flannery, 1973; 
Mihalas, Hummer & Diippen, 1988; Rogers & Iglesias, 1992). These have now been 
incorporated and tables of the equation of state are available as a function of density, 
temperature and chemical composition. 


2.3 Opacity 

The opacity of solar material depends on a host of atomic processes involving many 
elements and several stages of ionization. The solar material prevents the radiant 
energy from streaming out unhindered part of it is absorbed and part scattered, and 
the opacity basically incorporates this interaction between matter and radiation In 
computations of stellar models it has been customary to use opacity tables given as 
a function of density, temperature and the chemical composition. The calculations have 
been based largely on the Los Alamos opacities tabulated by Cox & Tahor (1976) 
Recently, it has been demonstrated that the opacity of stellar material at moderate 
lempcratmes T> 10^ K) had previously been underestimated, The detailed opacity 
calculations including the contribution from the line sources (Fc, Mg etc) has made 
a SLib.stantial dilTcrencc lo the opaci!) values(hcrcaftci referred to as OPA! Opacities) 
(cf. Rogers &. Iglesias 1992). It is evident from Fig. 2 that the OPAL opacities arc larger 
than the I .os Alamos opacities by as much as a factor of 2 3 in the temperature-range 
I )*' 10^' K and this is caused when the line sources arising from Fe etc. arc included in 
the opacity calculations. 
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Figure 2. Opacity increase in the OPAL calculations of Rogers & Iglcsias (1992) over the 
corresponding Los Alamos opacity computations of Cox & Tabor (1976). 


2,4 Nuclear reactions 

The basic energy source for the Sun is the fusion of four protons to form one helium 
atom having a mass that is less than the combined mass of the original four protons by 
0.8 per cent. This mass-defect when converted into energy provides the source for the 
Sun to shine with almost unvarying brightness. The Sun derives nearly 99 per cent of its 
energy from the proton-proton chain which is shown in Table 1, An additional minor 
(about 1 per cent) contribution comes from the CNO cycle, which constitutes another 
route whereby hydrogen can be converted into helium. 


Table 1. 


Reaction 

Neutrino energy (MeV) 


<0.42 

or 

p + e~ + p-^^H + V, 

^H + p-^^He + y 
^He + ^He^*He + 2p 

or 

^He+*He-^''Be + y 

1.44 

■'Be + c'—’Li + v, 

^U + p^2*He 

or 

■'Be + p -► *B + r 

0.86 

'B-"Be* + e* + v, 

* Be* ^2* He 

£ 14.6 
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In the nuclear reaction involving the fusion of four protons into one helium atom, the 
number of leptons must, of course, be conserved and this leads to the production of two 
neutrinos. It is clear from the proton proton chain that the fusion of hydrogen may 
proceed through a number of different paths, and the average neutrino losses in the 
three branches amount to 0.26 MeV, 1.06 MeV and 7.46 MeV respectively. The total 
amount of energy liberated in the reaction leading to the formation of a helium atom 
from the fusion of four protons is 26.73 MeV less the energy carried away by neutrinos. 
Nearly all of the neutrinos from the decay originate in the inner 5 per cent of the 
solar mass, while the flux of neutrinos from the proton-proton reaction which 
generates the solar luminosity occurs in the intermediate region between 5 per cent and 
40 per cent of the solar mass. The detection of solar neutrinos released by the nuclear 
reaction network operating in the Sun's core provides a valuable diagnostic of physical 
conditions in the central region of the Sun. 

3. Probes of the solar interior 

These are three possible methods available for probing the interior of the Sun 

a) Solar quadrupole moment. 

b) Solar neutrinos. 

c) Solar seismology. 

(a) Solar quadrupole moment 

This method makes use of the possible gravitational quadrupole moment of the Sun 
due to rapid rotation or intense magnetic field in the solar interior. Both these force- 
fields are expected to contribute a higher-order term to the gravitational quadrupole 
moment. One of the most important aspects of rotation is that it provides a crucial test 
of Einstein's general theory of relativity The test depends on measurements of 
planetary orbits which should be ellipses under Newton’s inverse square law of gravity. 
After correcting for the planetary interactions, the residual orbit of planet Mercury 
turns out to be a rotating ellipse that precesses about the Sun at 43 seconds of arc per 
century. The excellent agreement between theoretical expectations of general relativity 
and observations of the precession of the perihelion of Mercury and other independent 
evidence from the gravitational deflection of starlight grazing the Sun have lent support 
to the validity of GTR. This suggests that there is no substantial quadrupole moment 
associated with the Sun. 

It is now well established that the precession of the orbit of planet Mercury is well 
explained by the general theory of relativity; this explanation is based on the assump¬ 
tion that the Sun is spherically symmetrical. But the presence of rotation or magnetic 
field will cause a bulging at the equator and a flattening at the pole and such an 
oblateness will modify the Sun’s gravitational field by contributing a higher-order term 
to the potential. This could perturb the objects in the vicinity of the Sun in such a way as 
to induce a precession of Mercury’s orbit of the kind that is observed. Unfortunately, to 
account for the full observed precession of 43 seconds of arc per century would require 
the Sun to be much more oblate than what was observed. From the shape of the visible 
surface, the solar oblateness has been measured by Dicke, Kuhn & Libbrecht (1987) to 
be less than 2 parts in 10^. 
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(b) Solar neutrinos 

This probe requires the exceedingly difficult measurement of neutrinos resulting from 
the nuclear reactions taking place in the solar core. Under conditions prevailing in the 
solar interior the photons have a mean free path of less than a cm, thus requiring over 
10 million years for radiation to flow from the centre to the surface, while the electron 
neutrinos have a mean free path of the order of several A.IJ and traverse the solar body 
under 3 seconds. Thus, the neutrinos emitted in a number of nuclear reactions 
occurring in the energy-generating regions of the Sun enable us to ‘see’ into the depths 
of the solar core. The measurement of the flux of solar neutrinos is, therefore, expected 
to provide a direct handle on the physical conditions prevailing in the central regions of 
the Sun The capture rate of solar neutrinos are expected to provide us with stringent 
boundary conditions for constructing detailed models. As a result of the strong 
temperature-dependence of the nuclear reaction rate ( ® for neutrinos), a measure¬ 

ment of this flux even to an accuracy of some 50 per cent is likely to determine the 
central temperature of the Sun to better than 5 per cent. 

The Homestake experiment of Davis has been operating for over 25 years and has 
a tank containing 615 tons of liquid perchloroethyleneiC^Cl^), located some 4850 feet 
underground. In this -^^Cl nuclei are the solar neutrino absorbers according to the 
reaction (threshold of 0.814MeV): 

'’"Cl + v,-.'^"Ar-f e . 

The predicted capture rate for the chlorine experiment calculated by Bahcall & Pinson- 
neault (19921 for a standard solar model adopting OPAL opacities in units of the Solar 
Neutrino Unit (SNU) defined as 10 captures per target atom in the detector per 
second is: 


(0),)^;^“^ = 7.2 ±2.7 SNU. 

The various capture rales from different neutrino-sources are listed in Table 2. 

Clearly, for the chlorine experiment the capture rate is dominated by the 
neutrinos, with the ^Be neutrinos making a significant contribution. 

It turns out that the calculated neutrino fluxes are critically dependent on the input 
physics. For example, the capture rates are particularly sensitive to the relatively 
modest changes in iron abundance and the reaction rate of ^Be -I- p. Thus, the 


Table 2. 


Neutrino source 


Caplure rate (SNU) 

(Chlorine experiment) (Gallium experiment) 


(I’vU 

(<».).» 

Cf.K.N 


0 

70.8 

0.2 

3.1 

1.2 

35.8 

6.2 

13.8 

0.1 

3.0 

0.3 

4.9 
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uncertainty in the cross-section of ^Be y reaction causes a difference of 

1.7 SN U for CL making the result between the predicted and measured neutrino fluxes 
more discrepant, while the change in the iron abundance from the photospheric to 
a lower meteoritic value leads to a decrease in the neutrino capture rate of about 
1.3SNU. 

The measured neutrino capture rate reported for the chlorine experiment averages to 

2.26 ± 0.24 SNU, 

which is evidently inconsistent with the predicted rate, being about 31 per cent of the 
expected flux. 

A second experiment, the Karniokande II, consists of a water detector located about 
UKX)m underground in the Kamioka mine. The entire tank, containing 30(X) tons of 
water, out of which only the inner 680 tons are used for the solar neutrino experiment. 
In the Kamioka facility, charged particles are detected by measuring Cerenkov light 
and has a threshold of 7.5 MeV. The experiment is thus exclusively sensitive to the ^B 
neutrinos, but it provides the advantages of (r — e) scattering measurements including 
record of accurate spectral times of all events and directionality of the recoil electrons. 
As in the case of the chlorine experiment, the measured rate of neutrino events recorded 
by the Karniokande set up is also deficient and is about 60 per cent of the theoretically 
predicted values. 

We note that the chlorine and Karniokande experiments are insensitive to the lower 
energy neutrinos (f.\, < 0.42 MeV) which are emitted in the basic p-f p reaction 
dominantly responsible for generating the solar luminosity. It is, therefore, of great 
interest to carry out measurements that are sensitive to the neutrino flux from the p f p 
reaction. The only detectors currently capable of capturing the lower end of the solar 
neutrino spectrum are based on gallium and the measurements make use of the 
reaction 


^ ^ Gu -1“ V^ ^ * 0c T e 

with a threshold of 0.233 MeV. It is this low threshold energy that makes possible the 
detection of neutrinos produced by the pTp reaction. There are two such radio¬ 
chemical experiments using the gallium detector: Soviet-American Gallium Experi¬ 
ment (SAGE) and GALLEX. The results of the counting rate reported by the two 
experiments are as follows: 

SAGE(1992): 85^ ^^(stats) ± 20(system)SNU 

GALLEX(1992): 97'J^(stats)!^(system)SNU. 

The predicted neutrino capture rate for deteclor on the other hand, is 

(^v)c.. = 127112SNU. 

The SAGE measurement gives neutrino capture rate which is about 66 per cent of the 
predicted flux, while the GALLEX capture rate is nearly 79 per cent of the expected 
neutrino flux. 

The high-energy detection rate depends sensitively on details of the solar model and 
the high temperature dependence of the ^Be neutrino rate (otT^) and of the ^B neutrino 
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rate (aT^^) implies that in order to reduce the expected capture rate to the observed 
values would need a reduction in the central temperature of the Sun by only about 5 per 
cent, while, naturally, maintaining the required solar luminosity. There have been 
a number of ingenious suggestions to explain the observed solar neutrino deficit: for 
example, partial mixing in the solar core which brings additional hydrogen, helium fuel 
to the centre, thus maintaining the energy production rate at a slightly lower tempera¬ 
ture and leading to a lower neutrino capture rale; the presence of a small admixture of 
Weakly Interacting Massive Particles (WIMPS) in the solar core increasing the 
thermal conductivity and in the process diminishing the temperature gradient required 
to transport the flux and again leading to a reduction in the central temperature; the 
centrally concentrated magnetic fields, the rapidly rotating solar core or lower heavy 
element abundance can also lead to a reduction in the central temperature and hence 
cause a lowering of the neutrino flux. 

Out of the 127 SNIJ expected from the Gu detector, nearly 70 SNU flux comes from 
the proton proton fusion reaction. The recent GALLEX measurement of nearly 97 
SNU, may have captured most of this low energy neutrino flux and it is very likely that 
the reduction in the measured counting rate is mostly contributed by the high-energy 
neutrinos. A possible solution is the so-called by MSW effect (cf. Wolfenstein 1978; 
Mikheyev & Smirnov 1985; see also Bahcall & Bel he 1990). This efifect is based on 
neutrinos having mass, v\^hereby the electron neutrinos generated in the nuclear 
reaction network in the solar core may be transformed, during their transit through the 
solar body, into neutrinos of difterent flavours which arc, of course, not detected by the 
current experiments. 

In order to resolve the solar neutrino puzzle we have to await results of further 
measurements from the gallium detectors, out the indications from the current 
experiments are that it is the high-energy neutrinos generated in the nuclear reactions 
in the Sun which are mainly depleted. Does this mean that it is the adiabatic oscillation, 
in which the high-energy electron neutrinos get largely converted into other types of 
neutrinos, that is responsible for the observed deficit in the capture rate! Or, is it that the 
input physics (e.g. opacity, equation of state) is still inadequate? Or, perhaps, there is 
partial mixing in the solar energy-generating region which keeps the nuclear reactions 
operating at a slightly lower temperature! But then is a cooler solar core a viable 
solution of the solar neutrino puzzle! These and other questions have prompted solar 
physicists to look for another independent means to determine conditions in the 
interior of the Sun. 

(c) Solar seismology 

This tool, provided by a rich spectrum of velocity fields observed at the solar surface, 
probes the Sun’s interior with extraordinary precision. Since the early 1960s it has 
been noticed that the Sun undergoes a series of mechanical vibrations which appear 
as radial displacements imprinted as shifts of the spectral lines at the solar surface. 
These Doppler shifts oscillate through a cycle with a period around five minutes; when 
viewed through absorption lines, the effect manifests as periodic intensity fluctuations 
as the absorption feature shifts in and out of the bandpass of the narrow bandwidth 
filter. When imaged through such filters, the entire solar disk shows a rhythmically 
vibrating pattern of dark and light regions; even in the integrated light where the Sun is 
viewed as a star, the oscillations are revealed with an approximately five-minute period. 
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Thus, this approach attempts to detect and identify normal modes of global solar 
oscillations arising from internal processes. These pulsations characterize phenomena 
in which dynamical processes operating in the solar interior can cause visible manifes¬ 
tations on the Sun’s surface. 

These oscillations are triggered at many different places in the solar body and hence 
the Sun very much resembles a gong that is being sounded. The observed oscillations 
reveal information about the Sun in much the same manner as the study of terrestrial 
seismic waves generated by earthquakes has helped us to learn about the interior of the 
earth. The study of solar oscillations has, therefore, been called helioseismology, and it 
is expected to preside us with a complementary tool to probe the opaque layers of the 
Sun which would otherwise be inaccessible to direct observations. 

The solar oscillations were detected over thirty years ago by Leighton, Noyes 
& Simon (1962). Later observations revealed that these oscillations occur as a very 
large number (over a million) of individual modes, each with its own frequency and 
wavenumber. The amplitude of individual modes is of the order of a few cm s \ but 
when superimposed, they produce velocity fluctuations as large as a fraction of krn s ' 
at the surface. Solar oscillations may be regarded as a super-position of many standing 
waves and their frequencies depend on the average internal physical properties like the 
temperature, density, chemical composition of the solar material. Lach mode is 
characterized by three integers: the. radial order, n; the angular degree, / and the 
azimuthal order, ni. There are tw'o main classes of waves generated inside the Sun; high 
frequency acoustic modes which are controlled by pressure forces and low frequency 
gravity modes for which the major force responsible is the buoyancy. The frequencies of 
the solar normal modes of oscillations reflect the internal properties of the Sun and in 
principle, with a sufficient number of modes, it should be possible to unravel its internal 
struct Li re. 

Waves excited in the solar interior have a complicated propagation pallern Thus, 
while propagating inside the solar body into the layers of increasing temperature, the 
path of an acoustic wave excited near the surface will be alTecicd by ine rising sound 
speed with depth. The deeper parts of the advancing wavefoml will travel faster and the 
wave will eventually be refracted back towards the surface. I he high degree p-modes 
propagate nearly horizontally and arc trapped in the subsurface layers, while the 
low-degree modes penetrate practically into the core of the Sun. I'hus, the solar p-modc 
oscillations with / 0 correspond to rays that propagate radially and pass through the 

centre (T the Sun. Fhe behaviour of low-degec (/ 0, 1,2, say) modes diflers only in the 

central region and it is expected Ihal the frcqucncy-difl'crence between two such modes 
would provide information about the core. 

The penetration tiepth of a given p-mode depends on its wavelength a short 
wave-length wave is confined within a shallow cavity below the surface, while larger the 
horizontal wavelength of an acoustic wave, the more readily it propagates into the 
interior. In the (kf, (u) diagram, where is the horizontal wavenumber and (d is the 
frequency, these p-modes lie along di.screle ridges (cf. Fig. 3); the different curves 
correspond to diflerenl values of the radial order, n. From this simple picture, we can 
conclude the following: 

If the top of the cavity is nearly the same for all the p-modcs and the bottom of the 
cavity is delined by the position where ~ m/Ay,, then the p-modcs in dilTercnt regions 
of the (kf^ (!)] diagram, with the same value of oj/L^ arc trapped in an identical cavity, 
and the sound travel lime acro.ss such a cavity will be the same for difl'erent modes. 



Probing the Solar Interior 


353 



{ 


Figure 3. The (k,, — oj) diagram of solar p-mode oscillations with the ridges, in the two- 
dimensional power spectrum, designated by the radial order, n of the mode. 


A convenient form for analyzing p-modes was introduced by Duvall (1982) who 
showed that if the quantity n{na(w))/a) is plotted against (o/k^, then the ridge 
structure should collapse onto a single curve. Here a(ro) is a phase-shift factor that 
arises from the reflection of the internal acoustic wave from the surface layers. In fact, 
both the observed and computed frequencies of p-mode oscillations satisfy the Duvall 
relation n(n -h (x(o)))/(o ^ T 1)) quite accurately. 

The rich spectrum of p-modes provided by helioseismology enables us to derive 
a considerable amount of information about the solar interior, since the oscillation 
frequencies depend on the detailed structure of the Sun; in particular, the frequencies of 
acoustic modes are largely determined by the speed of sound, c,, in the solar interior. 
We define the adiabatic sound speed, (^ as given by 

^2 _ P _ 1 ^ 

* P P^H 

assuming the ideal gas law and Fj = In pjd In p)^. 

The frequencies of solar oscillations have been measured with extraordinary preci¬ 
sion, to better than one part in 10^. The helioseismic data may be analyzed in two ways: 

■ Direct model fitting 

■ Inversion 

In the direct method, we can use the stellar structure equations to construct a set of 
solar models with diflferent values of one or more adjustable parameters of the theory. 
The equilibrium model may then be perturbed to determine the eigenfrequencies of 
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solar oscillations in the linear theory. In principle, we can find the values of those 
parameters that best ht the hclioseismic data, but in practice, the fit of the theoretically 
computed frequencies with the observed data docs not turn out to be so good. 
However, there have been some distinct indications from the comparison of observed 
and theoretically computed frequencies. 

The depth of the solar convection zone is ^ 2(K),0()0km and the helium abundance 
by mass in the solar envelope ^.0.25. It has also been noticed that the inclusion of 
Coulomb effects in the equation of state led to a significant improvement in the 
agreement between calculated and observed p-mode frequencies. An analysis of the 
oscillation frequencies further indicated that the adopted opacities near the base of 
the convection zone were too low, a result which has later been confirmed by the recent 
Livermore opacity calculations. Thus, helioscismic data has led to improvements in the 
input physics required to compute stellar models. 

The direct method has had only a limited success and it was felt desirable to employ 
the inversion technique, whereby the solar structure may be inferred directly from the 
helioscismic data. One of the major achievements of the inversion method has been 
a determination of the sound-speed profile through the bulk of the solar interior, save 
the innermost region 0.01 R ) of the solar core. This follows from the Duvall 
relation, 


n(n -i- a:((o)) 

ii) 


= I{W) = 



’-Idr 
a r ' 


where W — (u)/l 4- 1/2), a -- c a((/d - phase-shift factor, n ^ radial order of the mode 
and (u its frequency, and r, ^ radius at the lower turning point at which a = ^ W, 

This equation can be inverted (Gough 1986) to give 

f 2 f" df 

r-/?exp<^-- {W 

( dM'' 

and the use of the relation, = u(r)r then determines the sound-speed profile from 
a knowledge of the observed p-mode frequencies (i.c., m, /, n). Figure 4 shows the exact 
sound speed indicated by a continuous curve, as a function of fractional solar radius for 
a standard solar model while the dotted curve is the sound speed, inferred from the 
Duvall relation, using computed frequencies of over 2000 p-modcs. (cf. Basu & Antia 
1993). It is remarkable that the difference between the actual and inferred sound speeds 
of the model Sun comes out to be less than about half a per cent down to a radius of 
0.1 Rfj . We can thus obtain a reasonably reliable estimate of the sound speed within the 
Sun and hope to determine the central temperature quite accurately. The observed 
accurate oscillation frequencies have been profitably employed to infer the helium 
abundance in the solar envelope to be ^ 0.252 ± 0.003 from studying variations in the 
adiabatic index of solar material in the second helium ionization zone (cf. Antia & Basu 
1993; Dziembowski, Pamyatnykh & Sienkiewicz 1991; Dappen et ai 1991; Vorontsov, 
Baturin & Pamyatnykh 1992). This demonstrates that a direct seismological measure¬ 
ment of the helium abundance in the solar envelope is possible from studying 
a variation of Tj in the ionization zones. 

Another quantity of interest is the function W(r) = (dr^^/dr/Gw/r^) which represent! 
ratio of acoustic to gravitational acceleration (cf. Gough 1984). The function W(r) for 



Probing the Solar Interior 


355 


U1 



r/Ro 



Figure 4. Model sound sp>ecd profile through the solar interior shown by a full line and the 
inverted profile of the sound speed obtained from the observed p-mode frequencies, indicated by 
a dotted line. 


a model Sun shows two distinct humps just bei(>w the surface one hump correspond¬ 
ing to the hydrogen and first helium ionization zones around r > 0.99 R and a smaller 
hump air ^ 0.98 corresponding to the second helium ionization zone. It should be 
noticed that rises abruptly beneath the base of the convection zone a property that 
can be effectively used to measure the depth of the convection zone. Figure 5 shows the 
model profile of W{r) as well as the inverted profile as a function of the fractional solar 
radius. The depth of the convection zone is found to be about 200,(XX)km (Christensen- 
Dalsgaard, Gough & Thompson 1991). 

In similar analysis, Monteiro, Christensen-Dalsgaard ^ Thompson 1992 and Basu, 
Antia & Narasimha(1993)setan upper limit ofO.l Hpon the extent of overshoot below 
the base of the convection zone. This is done by analyzing the characteristic oscillatory 
component introduced in the frequencies of p-modes by the discontinuity in the 
temperature gradient at the lower boundary of the convection zone. 

Solar seismological measurements enable us to surmise the internal angular 
velocity of the Sun. The surface of the Sun rotates with a period of about 25 days at 
the equator and nearly 33 days at the poles. The p-mode oscillations pervade the 
deep solar interior and therefore, experience the rotation beneath the visible surface. 
In the absence of rotation, one of the resonant modes which the Sun can exhibit is 
a standing wave with its crests and troughs always aligned with the longitudes. For 
a completely spherical distribution, the eastward and westward moving waves would 
have identical frequencies and would, as a result, be indistinguishable. The rotation 
would break this symmetry and there will be a slight difference in the frequencies of 
the waves travelling with the direction and against the rotation. This is the rotational 
splitting of eigenfrequencies which is a weighted average of the internal solar angular 
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Figure 5. Function W{r) = (dc^/dr/Gm/r^) plotted against the fractional solar radius showing 
the abrupt increase at the base of the convection zone; the solid line displays W\r) obtained from 
the model, while the broken line represents W(r) given by the inversion. (Antia & Hasu 1993). 


velocity, the weighting being different for different resonant oscillations. Thus, by 
observing the rotational splitting of several p-modes, we can learn about the distribu¬ 
tion of angular velocity throughout the solar body. It turns out that the latitudinal 
differential rotation observed at the solar surface in fact persists at least through 
most of the convection zone (Duvall, Harvey & Pomeranlz 1986; Brown & Morrow 
1987). With a knowledge of the angular velocity distribution in the solar interior, 
it is straighforward to calculate the oblateness produced by the centrifugal force 
and deduce the distortion produced in the gravitational field and the resultant 
contribution to the precession of the orbit of Mercury. It now appears that a little more 
than one percent of the intrinsic precession of the orbit of the planet arises from the 
centrifugal flattening of the Sun a result consistent with the prediction of General 
Relativity. 


4. Conclusion 

■ The structure of the standard solar model is basically correct in describing the 
profiles of the internal density and temperature. 

■ The solution of the solar neutrino puzzle should be sought in the realm of neutrino 
physics. 

■ With the help of accurate information available from the observed oscillations at the 
surface of the Sun, helioseismology can provide valuable information about condi¬ 
tions in the solar interior and thus contribute to the use of the Sun as a laboratory for 
particle physics. 
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Physics of the Solar Corona and Flares Revealed by Yohkoh 


Ti-lkeO KoSUgi NiUiDnal A\lrin)i>mi(iil Oh.\crruli>ry. Minikti. inkyo IHl. Japan 

Abstract. The Japanese Yobkoh satellite was launched on August 30 1991, 
lor investigating the solar corona, especially high-lempcraturc and high- 
energy phenomena occurring there in the X-ray and j -ray ranges such as 
Hares. I hanks to a set of X-ray imagers as well as spectrometers with 
advanced capabilities, Yohkok has been revealing various new aspects of 
coronal plasma dynamics, of which one of the most important is the 
topological change of coronal magnetic fields through reconnection and its 
relation to flares. Fssence of new observations are briefly reviewed, with 
emphasis upon the results from soft X-ray imaging observations. 

Key words: Sun; corona sun: flares sun. magnetohydrodynamics 


1. Introduction to the Yohkoh satellite 

7 he Sun is the only star that can be observed with moderate, though far from sullicient, 
spatial resolution to investigate physical processes involved in stellar activities. In these 
activities magnetic energy storage and release in stellar coronae play a dominant role. 
.A large solar flare, the im^st powerful e.xplosion occurring in the solar corona, releases 
as much as lO '^-erg magnetic energy over a relatively short period of lime (minutes to 
hours) in forms of relativistic and nonrelativistic particle acceleration, plasma healing, 
bulk mass motion, and shock waves, and triggers disturbances propagating outwairds 
through the interplanetary space. However, little has been known about the fundamen¬ 
tal mechanisms for energy release as well as particle acceleration. Fhis is probably 
because no relevant information has been available on the magnetic held structure in 
the corona! We need to observe changing topology of magnetic fields daring the energy 
release. 

I or achieving this goal a space observatory project named Si)LAR-A was planned 
by Japanese scientists in mid-198()\s as a successor of their successful, hist solar hare 
mission, Hinotori. It was clear that the plan should be developed It) include interna¬ 
tional collaboration in order to have a best set of instruments onboard a single satellite. 
After a long preparation and integration period, the SOLAR-A satellite was launched 
into an orbit around the Earth by the Institute of Space and Astronautical Science 
(ISAS) on August 30 1991. and since then SOLAR-A, now' given a new name Yohkoly 
which means \sunlighf or ‘sunbeanE in English, has been continuously observing the 
solar corona. 

I he Yohkoh satellite (Ogaw'ara et ul. 1991) carries two imagers, namely the Hard 
X-ray 7 elescopc(HXT; Kosugi er al. 1991) and the Soft X-ray Telescope (SXT; Tsuneta 
ct al. 1991), and two types of spectral analysis instruments, namely the Wide Band 
Spectrometer (WBS; Yoshimori ct al. 1991) and the Bragg Cry stal Spectrometer (BCS; 
C'ulhane ct ak 1991). 7'he two imagers have advanced capabilities in comparison with 
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their predecessors, i.e., soft X-ray imagers on Skylab in the case of SXT and hard X-ray 
imagers on SMM and Hinotori in the case of HXT. The sensitivity of BCS is greatly 
improved by typically an order of magnitude from those carried by P 7H-], SMM, and 
Hinotori, and WBS has advantages in its increased number of channels in the hard 
X-ray pulse-height analysis as well as in its improved sensitivity for detecting y-rays 
above > 10 MeV. Note that among the four instruments only SXT is so designed as to 
provide images of soft X-ray ‘quiet’ corona as well as those of flares. The other 
instruments are for flare observations alone. Both HXT and WBS are pure Japanese 
experiments, while SXT and BCS are under Japan U.S. and Japan U.K. U S. collab¬ 
orations, respectively. The details of the satellite and the instruments are given in the 
papers cited above. 


2. Highlights of observations by Yohkoh 

Since launch Yohkoh has been revealing many new aspects of solar coronal physics. 
Some of them from the initial-period observations have been reviewed by Acton cl al. 
(1992), Uchida (1993), Tsuneta & Lemen (1993), Tsunela (1993a, b), and Kosugi (1993). 
Also a series of letter papers were edited as ‘Initial Results from Yohkoh’(special feature 
of Publ. Astr. Soc. Japan, Vol. 44, No. 5,1992; note in the following that papers from this 
special feature are marked in citation with an asterisk symbol after the author name 
and published year and not included in the References). Those who are interested in this 
subject are advised to refer to these articles. Thus in the following the author will try to 
pick up several phenomena which he believes interesting and discuss their implications. 
The selection is quite biased towards imaging observations with SXl, because the HX r 
results are discussed in a separate paper (Kosugi 1994). 

2.1 Coronal sfruclurcs and dynamic s 

It has been known since Skylab in 1973 74 that the solar corona seen in soft X-rays is 
highly inhomogeneous, divided into three portions, namely active regions, loops 
connecting active regions (or ‘quiet corona’), and coronal holes, with tiny X-ray bright 
points appearing sporadically everywhere. Yohkoh/SXT has revealed, thanks to its 
higher spatial resolution as good as - 2.5 arcscc, much smaller X-ray scattering in its 
telescope optics, and higher time cadence of image acquisition with better time 
coverage, that it is full of marvelous complexity and dynamical behavior. 

Active regions are filled with many long, thin loops, which are believed to trace 
magnetic flux tubes or bundles of field lines. Much longer but similarly thin loops 
connect two active regions whose separation is sometimes greater than the solar radius. 
Some of the loops arc twisted or S-shaped; some others show even a kink-like shape. It 
is astonishing to see a loop whose diameter is much smaller than its length but has an 
almost constant cross-sectional area along the loop (Klimehuk ct aL 1992*). This 
cannot be interpreted as a current-free magnetic loop; instead it suggests current 
flowing along the loop. Relatively frequently we see loops to continually expand 
outwards, but only rarely to shrink. It is noteworthy mentioning that, although no 
precise estimate has been done, the rate of mass loss due to this kind of ‘magnetic 
expansion’ may not be negligibly small in comparison with the steady solar wind flow 
(Uchida et al. 1992*). Also it is to be noted that the temperature of coronal holes is 



361 


Solar Corona and Flares Revealed by Yohk^^h 

estimated from SXT images taken with several different filters to be - 2 MK, which is 
as high as that in the quiet corona (Hara et al. 1993). 

One of the most spectacular findings by Yohkoh/SXT is that the X-ray corona 
drastically changes its topology through ‘magnetic field reconnection’, which we will 
discuss below. 


2.2 Gigantic arcade formation 

A large-scale restructuring of coronal magnetic fields takes place m association with the 
disappearance of a filament in a style of ‘propagating arcade formation’, in which 
a closed-loop arcade is formed progressively from one end to the other in an open-field 
area. One of the largest was observed on November 12 1991 near the north pole when 
a polar crown filament disappears, which is shown in Fig. 1 ( Tsuneta ei al. 1992*a), The 
arcade formation began at -- ()0:(K) LIT, propagated westwards (r = 20 40kms M, 
and reached the west limb at ^ 12:00 UT, when the process is still in progress as 
revealed by increasing height and foolpoint separation (e - 2 4 km s ^). The arcade 
which reached the west limb showed a cusp shape (marked by an arrow m the frame at 
13:06 UT), which, together with the increasing height and footpoint separation, is 
suggestive that the magnetic field reconnection was still in progress, 

In Fig. 1 we see another arcade formation, though much smaller and more quickly 
changing, between 18:53 UT and 23:00 UT near the center of each image. Thus this 
type of magnetic field restructuring is not a rare phenomenon; it covers a si/e scale from 
an active-region si/c to more than a solar radius and a propagation velocity from 
several km s ^ to several tens of km s L 

It is to be noted that, w'hen we see such an arcade formation in soft X-rays, the Ua 
filament associated with it has already disappeared, or more rigorously already erupted 
into the corona to more than KLOOOkm above the photosphere. For a beautiful 
example, see Fnome et al. (1993). Thus it is phenomenologically quite clear that the 
eruption of filament triggers the arcade formation. Fxtensive studies on this phenom¬ 
enon from various view points are in progress (Ta. Watanabe et al. 1992*; McAllister 
et al. 1992*; Flanaoka e/ al. 1993). 

2.3 Long-duration, cusp-.shaped fares 

The arcade formation mentioned above has a large size and may cause a major 
interplanetary disturbance. However, it is not necessarily so intense in soft X-ray 
emission as flares, although the classification of an actually observed phenomenon into 
the two categories is not so unambiguous. 

Sometimes, though not frequently, we observe flares lasting for more than one hour 
in the GOF^S X-ray intensity plot. Such flares are called LDFs or Long Duration 
Events. When an LDH occurs near the solar limb, which makes it easier to examine the 
vertical structure, we see in the late phase of the event a soft X-ray bright loop with 
a cusp at the apex of the loop, which is similar to that found in the arcade formation. 
A typical example is shown in Fig. 2. It can be pointed out that the cusp part, especially 
its outer boundary portion, has the higher temperature than the other parts of the loop, 
and that the whole loop increases its height and footpoint separation with time 
(Tsuneta et al. 1992*b; Tsuneta 1993a, b). Again this may be regarded that we observe 
the reconnection process going on. Note that the magnetic configuration involved is 
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rigurc I. Two propLigating aroadc lorniation.s on November 12 One is seen propagalini, 
from east (lefl) Ui wesi (right) during the mlerval between - fK);(K) 11 1 and - 23;tK) IJT near the 
north pole (lop), where a polar crown lilament disappears. The other is seen near the center of ihi 
l.S;53 irr and 23.00 { I images (aflei Isuncla ef ui 10^)2*a)- 


liist homologous to what was previously proposed hy several ihcorcliciaiis o 
modellers (e g., Hirayama 1974; Kopp & Pneuman 1976). 

2.4 Soft A'-ruy jets 

A dilTcrenl type of mamleslalion of reconnection can be seen as jets' (Shtbala et a 
1992*, see also Shibata c( al. 1993). An X-ray jel has a typical length 5 x 10^ 
4> 10- km, velociLy 30 30()kms and kinetic energy 1 0*' l()‘ Vug. Many of the jet 
are associaled with X-ray bright points or with Haring activity m emerging Ilux region; 
1 he sLiggesled reconnection morphology (or the case of emerging-llux-associate 
events is shown in big. 3. 
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Figure 3. (a) Schemdtic drawing of an active region with a jet observed with SXT on November 

12 1991 at pre-jet (08:12 UT), during-jel (11:30 UT), and post-jet (13:08 I IT) stages, (b) 
Magnetograms and inferred magnetic field lines from them, (c) Side view of inferred magnetic 
field lines (after Shibata et al. 1992*). 


2.5 Transient hriqhtenings or microflures 

Many tiny flaring activities, which have been overlooked due to their small amount of 
energy released in an event, are found to occur quite frequently in active regions 
(Shimizu et al. 1992*). These are seen as small enhancements in the GOES time plots, 
and maybe accompanied by quite weak hard X-ray emission such as 'microflares’ 
observed by Lin et al. (1984) with a balloon-borne, high-scnsitivity hard X-ray detector. 
Each of the microflares releases much less than 10^*^ erg, but the occurrence frequency 
reaches once every ~ 3 min in an 'active’ active region while it is once every ~ 1 hour in 
a 'quiet’ active region. Thus the total amount of energy released cannot be negligibly 
small in comparison with that from rarely-occurring major flares. Rather there may be 
a possibility that an assembly of huge number of microflares explains a long-lasting 
enigma how the solar corona is heated up to millions K. 

2,6 Single loop flares vs. loop loop interaction flares 

A further study by Shimizu et al. (1993) on the morphology of microflares observed 
with SXT has revealed that simultaneous multiple loop brightenings arc more often 
seen than single loop brightenings, and further that they tend to brighten from their 
footpoints and/or the apparent contact point in the initial phase, followed by the 
brightening of the entire loops. 
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We believe this finding of crucial importance for investigating ths solar flare energ> 
release mechanism. Similar morphological studies for 'normal-sized' flares are in 
progress but unfortunately in a style of individual case studies, and the results are Just 
case-by-case; in some cases we see typical single-loop flares and in others multiple-loop 
interaction’ flares. 


2.7 Energetic flares with hard X-ray emission 

Now a question arises as to where the main energy release site of flares is, or more 
specifically where (and how) particles are accelerated to nonrclativistic (or sometimes 
relativistic) energies; is it at the cusp-shaped reconnection point seen in long-duration 
soft X-ray events, at the contact point of the interacting magnetic loops, or inside 
a strongly sheared single magnetic loop? 

Although some theoretical approaches on the possible particle acceleration mechan¬ 
ism have been made starting from the soft X-ray observations of long-duration, 
cusp-shaped flares (e g., Tsuneta 1993a), it is noteworthy that the morphological study 
of rnicroflares by Shimizu et al. (1993) mentioned in the previous subsection seems to 
suggest the loop loop interaction as the most plausible cause of the main energy 
release. The relevant data for this problem from the hard X-ray observation side are 
summarized in a separate paper (Kosugi 1994), some of which seems to support the idea 
that particle acceleration takes place inside a single loop. Thus any conclusions are 
premature; no definitive answer has been given. We expect that this problem will be 
challenged in the near future by synthetic studies using well-coaligned sets of images for 
many flares taken with HXT and SXT simultaneously in cooperation with BCS and WBS 
spectral data from Yohkoh, as well as in cooperation with ground-based observations. 

2.8 y-ray flares 

The Gamrna-Ray Spectrometer of WBS has detected four y-ray line flares occurring in 
1991 just aflei the launch (Yoshimori et al. 1992*a, b). Their charactcnslics m compari¬ 
son with intense flares without any y-ray emission have been examined. Also detailed 
studies based upon the line spectroscopy arc in progress on the ion acceleration as well 
as their propagation and interaction with ambient plasmas. 


3. Summary and remarks 

This review is not intended to cover the whole fields of the Yohkoh science. Instead it 
concentrates upon topics that match the author’s personal interest. Nevertheless the 
author has tried to let the reader feel the excited atmosphere in the Yohkoh team. The 
major results are as follows: 

■ Yohkoh has observed that the coronal global structure drastically changes through 
magnetic field reconnection in a style of propagating arcade formation. 

■ Yohkoh has confirmed that the long-duration soft X-ray flare is a manifestation of 
on-going reconnection at the cusp point above the closed loop. 

■ Yohkoh has pointed out several possible magnetic field conligurations maybe respon¬ 
sible for the main energy release in solar flares, i.e., the neutral sheet at the cusp, the 
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loop loop interaction, and the highly sheared single magnetic loop. Further studies are 
highly desirable to clarify the roles of the individual configurations in a solar flare. 
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Solar Flare Observations with the Yohkoh Hard X-ray Telescope 


Takeo Kosugi National Astronomical Observatory, Mitaka, lokvo I SI, Japan. 

Abstract. Hard X-ray imaging observations of solar flares with the 
Yohkoh Hard X-ray Telescope (HXT) are reviewed. Thanks to its high 
sensitivity HXT has so far delected more than 8(X) flares. General character¬ 
istics of different types of hard X-ray sources, i.e., those of double-footpoint 
sources, loop-top thermal sources, and super-hot thermal sources., are 
discussed together with their interrelation and implication. 

Key words: Sun; flares sun: hard X-rays particle acceleration. 


1. The HXT instrument and experiment 

The Hard X-ray Telescope (HXT; Kosugi et ai 1991) onboard the Yohkoh satellite 
(Ogawara ef al. 1991) is an advanced hard X-ray imager for solar flare observations. Its 
objectives are to clarify the mechanisms of particle acceleration and magnetic energy 
release through hard X-ray imaging observations. The main advantages of HXT over 
its predecessors are; i) simultaneous imaging in four energy bands, namely, the L-band 
(13.9 22.7keV), Ml-band (22.7 32.7keV), M2-band (32.7 52.7 keV), and H-band 
(52.7 92.8 keV); ii) angular resolution of -- 5 arcsec with a wide field of view covering 
the whole Sun; iii) basic temporal resolution of 0.5 s; and iv) high sensitivity with a total 
geometrical aperture of - 60 cm^. Onboard the same satellite we have the Soft X-ray 
Telescope (SXT; Tsuneta et al. 1991) and spectrometers; this is another advantage 
because HXT and SXT are especially complementary to each other in that the former 
looks at nonthermal electrons while the latter magnetic loop structures, where the 
electrons are energized. 

Since the start of routine observations in 1991 October, the HXT instrument has 
been working well. So far HXT has detected more than 800 flares, including a dozen 
X-class and about 200 M-class events. More than two thirds of the ~ 8(X) flares are 
intense enough for us to synthesize images. The performance of HXT in orbit and some 
initial results are briefly discussed in a series of letter papers (Kosugi et ai 1992; Sakao 
et ai 1992; Matsushita et ai 1992) which appeared in ‘Initial Results from Yohkoh’ (a 
special issue of Pubi astr. Soc. Japan, Vol. 44, No. 5). See also Takakura et al. (1993). 
A preliminary review^ is already given by Kosugi (1993), so that in this paper we will try 
to update it by including as new results as possible. 


2. A prehminary summary of observations 

Several interesting characteristics of hard X-ray sources revealed with HXT have been 
summarized as follows (Kosugi et al 1992; Kosugi 1993): 
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■ The hard X-ray flares observed in the HXT L-band (13.9 22.7 keV) usually show one 
or more long, thin structures which seem to trace magnetic loops. In fact hard X-ray 
images generally resemble the corresponding soft X-ray images taken with SXT. 

■ In the higher energy band (Ml-, M2- and H-band) images, the sources become more 
compact and patchy. Typically two separate sources are observed at both ends of the 
long, thin structure seen in the L-band, which suggests that the electrons (possibly 
accelerated near the loop top) propagate along the magnetic loops and stream into 
the lower atmosphere at their footpoints. 

■ Correspondingly the average height of hard X-ray sources decreases with increasing 
photon energies (Matsushita et al 1992). 

■ Sometimes a sudden shift of the hard X-ray source is observed from one location to 
another during impulsive peaks, suggestive of successive flaring of adjacent loops. 

Subsequent observations have supplemented the contents by many details. 


3. Double-footpoinC sources in the impulsive phase 

Even in the era of the first hard X-ray imaging experiments made by SMM and Hinoiori 
more than a decade ago, it was recognized that some impulsive flares are characterized 
by the double-source structure, and it was claimed that this is evidence for precipitating 
nonthermal electrons towards both ends of a single flaring loop (e g. Hoyng et al. 1981; 
Duijveman et al. 1982). Although this conclusion may be correct as shown below, there 
was no firm observational base which unambiguously supports this; the X-ray energy 
range was below ^ 20keV where contamination from thermal emission is not negli¬ 
gible, and also the temporal resolution was not sufficient as to confirm the expected 
simultaneity between the two sources (e.g. MacKinnon et al. 1985). 

The HXT observations have drastically changed the situation. Sakao et al. (1992) 
have revealed, in the case of the X-class flare of November 15, 1991, that the double¬ 
source structure is most pronounced at X-ray energies >30keV at the times of 
individual peaks, whereas hard X-rays at <30keV at the valleys between the pnaks 
originate from near the apex of the flaring loop. This may be interpreted by the DC 
electric field runaway acceleration model (Benka & Holman 1992), in which electron 
acceleration takes place together with direct heating. Or this may be explained by the 
trap-plus-precipitation model (Melrose & Brown 1976) with a strong scattering 
process operating. Note that the white-light flare brightenings (Hudson et al. 1992), 
which were coincident with the hard X-ray double sources (Sakao et al. 1992), support 
the electron-precipitation interpretation. In this event, a systematic increase of the 
separation between the double sources was also found together with a systematic 
increase of the angle sustained by the line connecting the double sources and the 
magnetic neutral line, suggestive of multiple loop system flaring successively from 
strongly sheared loops to less sheared ones with rising energy release site. 

Subsequent analyses of a few dozens of impulsive flares by Sakao (1993) have 
confirmed (i) that the double-source structure can be found in more than one third of 
the events examined, (ii) that double sources almost simultaneously vary in intensity 
with time lags less than a fraction of a second, (iii) that the brighter source tends to 
correspond to a footpoint where the magnetic field is the weaker (irrespective of the 
sense of the magnetic field), and (iv) that the brighter source tends to show the harder 
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hard X-ray spectrum than the other source. These findings, together with the above- 
mentioned case study of the November 15, 1991 flare, strongly suggest that electi ons 
are accelerated near the apex of a loop or system of loops, that the electrons precipitate 
towards the two footpoints with preference towards the weaker magnetic field foot- 
point, and that individual accelerations take place in different loops. We believe these 
arc important findings to pose a strong constraint upon the acceleration mechanism. 


4. Loop-Top Sources in the Gradual Phase and Chromospheric Evaporation 

Apart from spikes, we see in most of flares that the lower-band time history is 
dominated by a gradually-varying component upon which spikes arc superposed. 
Correspondingly, l..-band hard X-ray sources arc frequently located in between the 
double footpoint sources seen in the higher-energy bands. This type of source becomes 
pronounced as time goes on after the impulsive phase ceases, and is characterized by 
a very steep hard X-ray spectrum which is typical for thermal emission from an 
optically thin plasma with temperatures ranging frcmi 20 to 30 M K. Indeed hard X-ray 
sources resemble the corresponding soft X-ray sources which represent ^ 10-MK 
plasma. 

Then a question arises as to how' this thermal plasma is created, i.e., whether it is due 
to direct heating from magnetic energy release or due to evaporated malenal rising up 
i’rom the chromosphere, and if the latter is the case, whether the energy is supplied by 
nonthermal electrons or by heat conduction. These problems arc now challenged by 
several authors (Gulhanc ct al. 1993; Inda-Koidc ct al. 1993; Wiilscr vi ni. 1993) using 
HXT and SXT data together as well as the Bragg Crystal Spectrometer (BCS) data. 


5. Super-hot thermal sources 

When magnetic energy is released in solar flares, it is primarily converted into forms of 
nonthermal particle acccleraticm, plasma heating, bulk mass motion, and slioek waves, 
among which it is difficult to clearly separate the first two, because nonthermal [larticle 
energies are easily thermali/ed. One of the key observalioiis to determine the acceler¬ 
ation cfliciency in the primary energy release should be, m addition to examining the 
energetics involved in the chromospheric evaporation, to examine positional relation¬ 
ship between the footpoint and loop-top sources whether they belong to a single loop 
or not. 

An opportunity to study this point can be provided by super-hot thermal flares, 
characterized by dominant > 30-MK thermal plasma emission in hard X-rays( Tanaka 
et al. 1982; Tsuneta et aJ. 1984). Here we discuss one example which occurred on 
February 6, 1992 near the west limb (K osugi et al. 1993). The flare w as composed of two 
loops. The southern loop was a normal flaring loop; its hard X-rays lasted for less than 
a few minutes, originated mainly from the two footpoints, and showed a power-law 
spectrum. On the contrary, the northern loop showed typical super-hot thermal flare 
characteristics: a gradual broad peak lasting for longer than 10min, a thermal hard 
X-ray spectrum with temperatures exceeding 30 MK,and lack of associated microwave 
burst. In this loop the hard X-ray source first appeared near the loop top and then 
gradually expanded downwards, maybe due to direct heating as a result of primary 
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energy release. Al the same time a soft X-ray source, representing -- 10-MK plasma, 
brightened hrst at one of the two footpoints and gradually expanded upwards, maybe 
tracing the chromospheric evaporation process due to heat conduction from the 
super-hot plasma. Thus in this northern loop no efficient particle acceleration took 
place; it seems that the ambient plasma density in the flaring loops caused the different 
behavior between the northern and southern loops. 

Many other further studies are now in progress. 
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Dynamical Structures of Uranian Rings 


Yoshlhide Kozai ISathnal Astronomical Ohsenauirw Muaka, Tokyo 181, Japan 

Abstract. In this paper the observed dynamical structures of Uranian 
rings are explained by actions of unknown inner and outer shepherding 
satellites for each ring. In fact it is assumed that only the outer satellite has 
an appreciable proper eccentricity and inclination and that the observed 
eccentricities and inclinations for the ring particles as well as those for the 
inner satellite are forced ones produced by the outer satellite. Therefore, 
it is reasonable to conclude that the apsidal and preccssional motions 
of the ring particles are identical to tliose for the outer satellite. Then 
the masses, the eccentricities and the distances to the ring of the satellites 
to fit the observed quantities are derived and are found to be in reasonable 
limits. 

Keywords: Shepherding satellites rings Uranus. 


The rings of Uranus were discovered in March, 1977 when an occultation of Uranus by 
a star was observed. Since then as both gr.mnd-based and Voyager spacecraft 
observations have been made extensively for the rings, their structures have been made 
clear. Namely, their widths are very narrow, 5 to 1(K) km, iheir orbits are eccentric with 
slightly increasing eccentricity with the semi-major axis, and the apsidal motions are 
common for all particles in the same ring. 7 he precession rates of the orbital planes are 
also believed to be common for all the particles, since although the orbital planes are 
inclined, a few arc minutes, to the equator of Uranus they arc very thin, a few hundred 
meters thick. 

Table 1 lists for the three typical rings, x-. /T and r-rings, the semi-major axes (u), their 
mean widths (tV;), the eccentricities (c), the ratios ( f) of c at the outer and inner edges, 
the inclinations (i) with respect to the equator of Uranus, the mean motions (n) and the 
masses of the rings (ni) as well as apsidal and precessional motions ((7> and Q) computed 
by the oblateness parameters derived from the motions of satellites. 

The apsidal and precessional moons for ring particles are mainly due to the effect of 
the oblatencss of Uranus, and, therefore, they depend on the semi-major axes of the 
orbits and take different values from place to place inside the rings. In fact the directions 
of the major axes and the nodal lines differ by more than 100 degrees between the two 
edges after 10 years if the motions are mainly due to the oblateness of Uranus even 
though they happen to be on lines at one epoch. Therefore, the observed structures 
seem to be very strange. 

There arc several papers for explaining such phenomena, however, it seems to 
the author that none of them is convincing. Therefore, in this paper the author tries 
to explain the phenomena by assuming two shepherding satellites, one inside and 
one outside. In fact it is believed that the two shepherding satellites are necessary 
to keep the widths of Uranian rings very narrow. And since it is reported that the 
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Table 1. Dynamical parameters of three rings. 


Ring 

Of 

p 


a(km) 

44718 

45 661 

51 149 

(^a(width in km) 

lA 

8.8 

58.1 

(' X 10 -' 

0.761 

0.442 

7.936 

f 

1.079 

1.140 

l.lOO 

i(deg) 

0.015 

0.005 

0.(KK)2 

/7(deg/day) 

1262.2 

1223.3 

1031.4 

aj(deg/day) 

2.1833 

2.0292 

1.3623 

D(deg/day) 

- 2.2033 

- 2-0468 

~ 1.3719 

mass(l()^ kg) 

0.042 

0.038 

6.1 


Voyager spacecraft discovered all the satellite larger than 1 5 km, the unknown satellites 
should be smaller than 15 km. 

Here it is assumed that the orbit of the outer shepherding satellite has appreciable 
values of proper eccentricity and inclination. By this way only the increase of the 
eccentricity as the semi-major axis can be explained. It is also assumed that the proper 
eccentricities and inclinations of the inner satellite and the ring particles are very small, 
much smaller than the proper values of the outer satellite. Then it can be concluded that 
the observed eccentricities and inclinations listed in Table 1 for the ring particles as well 
as those for the inner satellite are forced ones produced by strong actions due to the 
outer satellites. The mass and the equatorial radius of Uranus arc assumed to be, 
respectively, 8.67 x 10^^ kg and 26 2(X)km. 

For such cases the apsidal and preccssional motions of the inner satellite and all 
the ring particles are equal to those of the outer satellite which are due to the oblatencss 
and the actions of the rings and of the inner satellite. Moreover, their jiericcnter 
longitudes and the nodal lines are always in phase for the two satellites and all the ring 
particles. 

If the problem of a pendulum is considered, its frequency is usually its proper one 
depending on its length and mass. However, if the amplitude of the free oscillation is 
very small, there may be a case that only the forced oscillation w ith the frequency of the 
acting force is observable. The author considers that the problem treated here for 
Uranian rings is similar to this case. 

In the two papers (Kozai 1992, 1993) the author tried to derive the masses and the 
distances to the ring of the two shepherding satellites as well as the eccentricity and the 
inclination of the outer one so as to fit the observed eccentricities and their gradients of 
the ring particles as well as the inclination, that is, c, / and i in Table 1. By using very 
rough theory of secular perturbations among test particles at the inner and outer edges 
of the ring and the inner and outer satellites as well as the rings the author could derive 
solutions, in which the masses and the distances to the edge of the ring of the 
shepherding satellites arc, respectively, of the order of 10^*^kg (10km in diameter) 
and 25 km. Then it is believed that the mechanisms explained above can work for 
the rings if there are shepherding satellites. 
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Therefore, according to the author’s view the ring systems of Uranus together with 
the two shepherding satellites are axial symmetric with respect to the major axes and 
the nodal lines of the orbits. 
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Structures in Saturn’s Magnetosphere 

J. C. Bhattacharyya. Indian institute of Astrophysics, Bangalore 560034, India 
Key words: Planets Saturn occiiltation. 


1. Introduction 

During the Pioneer XI and Voyager passes by Saturn, it was noticed that at specific 
distances from the planet, the ion probe results displayed prominent dips (Lazarus et ai 
1982). These dips were noticed in all the three passes, and at approximate locations 
where the dipole model magnetic field of the planet intersects its equatorial plane at 14 
and 19 radii. One possible explanation offered was that there are distributed particulate 
matter at those locations which affect the ion recombination co-efficient and cause 
these dips. Such clouds, if present, could be detected during events when the planet 
Saturn with its complete environment of rings, satellites and plasma, occults a reason¬ 
ably bright star, 

Possibilities of such events were computed from planetary ephemeridcs (Mink 1983). 
One of the events was ideally suitable for investigation from the longitudes of India 
when both the eastern and western regions at 14 L occultated an S.5 magnitude star on 
two successive nights of 24 and 25 March 1984 with the object conveniently located for 
observations. A continuous watch with a high speed photometer was maintained on 
both nights which indicated possible presence of such clouds, probably in the form of 
a set of rings or tori. 


2. Observations 

2.1 The J4 Lregion 

The telescope used was the 1 metre telescope at Kavalur Observatory (15^ 15"’ 19\6E, 
4 12‘M4V58) (now' named as Vainu Bappu Observatory), with a photometer and 
a pulse counting arrangement with 1 second integration. The observations were taken 
on the nights of 24th and 25th March 1984. Both the nights enjoyed photometric skies 
during the 3 hour observation period each. To maximise signal to noise ratio, no filter 
was employed on 24th night, but a Johnson B filter was used on 25th night, with a slight 
reduction in the S/N ratio. 

The same event was also observed from Nainital Observatory (5^ 17"' 49'.71 E, 4 29^ 
21 ^65) with a slightly different recording arrangement. They, however, had mixed luck 
about the observing conditions; while being able to record a substantial part of 24th 
event, clouds frustrated their efforts on 25th. All the records show dips due to increased 
extinction at instants which could be connected to the passage of star beams through 
the circiimplanetary clouds (Vasundhara et ul. 1984). Five major dips were noticed in 
both the Kavalur records, and three in the Nainital record of 24lh. The position is 
shown in Fig. 1. 
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Figure 1 . Occullation of an 8.5 magnitude star by Saturn. 


For estimation of the distances of these clouds from the planet’s centre, a simplified 
model has been assumed. In the model the extinction clouds have been assumed to be 
contained in a thin equatorial ring, as in the case of the visible rings of the planet. The 
physical orientation and the ephemerides of the planet being known the time scale 
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cloud be directly related to the planetocenlric distances; according to these schemes all 
the dips in the three records were found to have occurred when the slarbeam crossed 
regions between 12.2 to 12.8 Saturn-radii. Relative depths of minima as displayed in the 
three records were found to be consistent, thereby suggesting the presence of well 
marked clouds in those regions. 

Since these clouds have been found on both the east and west sides of the planet, at 
almost the same distances, we can assume that this is in the form of a set of complete 
rings. Some variations in the depths, widths and locations have been noticed, but the 
data being meagre, detailed calculations to ascertain the shape and stability wall be 
fruitless. 

An attempt was made to confirm the existence of such a structure through another 
occultation event. The event was not observable in India, so the help of a foreign 
observatory was sought. The record was not a clean one, but again after scaling the 
data, comparing with our old records, some features could be seen to be repealed at 
almost the same planetocenlric distances. 

Another attempt to reinvestigate the region of magnetosphere at 12.5 Saturn radius 
was made by enlisting the help of a large number of observatories in the eastern 
hemisphere on 2 3 .luly 1989 when the Saturn system occulted 28 Sgr. Poor sky 
conditions at most places precluded a systematic comparison of the records. Tw'o of the 
observers reported negative results at the predicted limes. 

2.2 The WL region 

In May 1984, another event was observable from India, when the 19 1. feature was 
predicted to be occulted. I his time, bad weather was encountered at Kavalur, but at 
Nainital they could obtain a record from which certain features of this outer system 
could be found (Mahia et al. 1985). The data from Kavalur, was noisy, but still some 
features could be seen in this record. But the locations as calculated from the adopted 
equatorial shell model and the timings OM*'dip-cvents did not match Nainital findings, so 
that the findings remain unconfirmed till dale. 


3. AttempiN for direct detection 

As (he occultations are few and far between and subject to vagaries of weather, some 
attempts were made to do area photometry of the concerned regions. The first attempt 
was made by Baron & Elliot (1983), who employed a CCD camera for detecting any 
abnormality in these regions. The experiment was marred by a very strong gradient of 
scattered illumination from the planet, and no definite conclusions could be drawn. An 
attempt was made at VBO, by employing the ‘Diffuse Masking' technique developed 
by Dave Malin (1977) but the results were vitiated by unforeseen artifacts of the 
technique. Fresh attempts, however, are being planned. 


4. Discussions 


The results of the occultation experiments have been, however, criticised by Cheng 
et al. (1985) on grounds of negative results of space probes and disagreement between 



380 


J. C. Bhattacharyya 


different occultation records. The latter comment can be traced to rather uncritical 
examination of observational results, while the former is not free from controversies 
(Schardt et al. 1984), 

The results of the occultation experiments on 24 and 25 March 1984 have been 
critically examined as regards the possibility of their spurious origin, but nothing could 
be found which may cast a doubt about their reality. The only weak point about the 
analysis is perhaps the assumption of their containment in a thin ring in the equatorial 
plane; for if these are composed of fine dust mixed with plasma in Saturn’s magneto¬ 
sphere, the electromagnetic forces arc bound to play an important role in their 
dynamics. In all probabilities, they cannoi be contained in a thin equatorial ring, but 
will have considerable spread along the magnetic lines. Some of the observed character¬ 
istics of the dip minima suggests such lateral spreads of the clouds (Bhattacharyya 
& Vasundhara 1985). The negative results of occultation of 28 Sgr on 3rd July at the 
predicted time would possibly be attributed to an error in prediction which was based 
on an equatorial model. 

It is now necessary to tackle the question from two difl'erent angles; More observa¬ 
tions and predictions of occultation events should be continued, and attempts to do the 
faint photometry by suitable methods should be renewed; and the dynamics of char ged 
dust particles in the circumplanetary magnetic field must be better understood. 
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A Study of Active Region Magnetic Field Structure Using VLA-Radio, 
Yohkoh X-ray and Mees-Optical Observations 

N. GopalsWamy Department of Astronomy, University of Maryland, College Park, 
MD 20742, USA 


We have discovered two interesting phenomena in solar active regions, using the Very 
Large Array: Transient microwave brightenings (TMB) in the sunspot umbra-penum¬ 
bra boundary and 3 minute oscillations in the umbra. These observations were made 
during April May 1992 during the coronal magnetic field structure observing cam¬ 
paign. The TMBs occurred as compact sources at many places around the sunspot 
umbra. The peak intensity of the TMB’s was rather small, typically, 0.01 sfu. The TMBs 
are associated with brightenings in Yohkoh soft X-rays. The TMBs were located at one 
footpoint of the X-ray loop. Comparison with magnetogram data shows that the soft 
X-ray loop connects the sunspot to a neighboring site of opposite polarity, thus 
supporting the idea of a magnetic loop. These observations will be helpful in under¬ 
standing the heating of the active region corona through microflares and to derive the 
magnetic properties of the loops. 

The sunspot associated emission shows variability over a time scale of minutes. To 
our knowledge, this is the first time such rapid variability has been observed in 
microwaves from a sunspot. The radio emission from umbra consisted of several 
compact sources with a size less than 4 arcscc. The time evolution of the peak flux of one 
of these sources showed periodic time variations with a period of approximately 3 min, 
similar to that of intensity and Doppler shift oscillations observed in optically thin, 
transition region lines such as C IV in sunspot umbrae. A detailed investigation of this 
phenomena will provide additional diagnostics in the sunspot atmosphere. The details 
of these findings will be published elsewhere. 

★ ★ ★ ★ ★ 

Hot Intensity Oscillations Observed in Solar Flares 


Rajmal Jain & S. C. Tripathy Udaipur Solar observatory. It Vidya Marg. Udaipur 
313 001, India. 


It is known that solar chromosphere oscillates with a period of 120 3(X)s. In this 
paper, we report the detection of Ha intensity oscillations in two extended flares of 
15 November 1989 and 20 April 1991. The Ha filtergrams of these flares after digitization 
were re-registered pixel to pixel using I RAF to remove guiding jitters. The intensities at 
many different locations including flare kernels (/) and background chromosphere (f ^,) 
were determined after applying proper corrections for various non-solar effects. The 
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relative intensity variation ((/ time in flare kernels and background 

chromosphere was then determined. These time sequences were subjected to Fourier 
Transform (FT) to obtain the oscillation modes. Our analysis showed predominant 
5 and 3 minute modes unambiguously in chromosphere and flares. 

Our results mark the first detection of the prominent 5 and 3 minute modes in flares. 
The frequency deviation in oscillation modes in chromosphere and flares observed by 
us from those determined at the center of the disk by Elliott (1969); Kneer & Uexkull 
(1983) and Harvey ei al. (1993), may be an eflect of higher magnetic field and location 
of the measurements in chromosphere. Further, the reduction in frequencies of the 
order of ICMJ^iHz observed in flare oscillations as compared to the background 
chromosphere may be due to the high temperature in flare regions as predicted by 
Evans & Roberts i99()). 


★ ★ ★ ★ ★ 

2-Dimensional Velocity Field Measurement of Eruptive Prominence 
Observed on January 14, 1993 

A. Bhatnagar & S. C. Tripathy IJilaipur Solar Ohscrvulitry, J1 i idyu Marg. Udaipur 
3/3 001, India. 


On January 14, 1993, a quiescent prominence was observed from the Udaipur Solar 
Observatory on the south-east limb of the sun which suddenly erupted between 05:11 
and 07:13 LIT, displaying a huge mass ejection. 1 wo dimensional velocity measure¬ 
ment of several knots of the eruptive prominence were made. Except for one fast 
moving knot, the whole prominence material rose with an initial average velocity of 
90km/s and with increasing height the velocity increased to 720km/s. Within 49 
minutes the prominence material reached upto a height of 5.5 x lO*' km from the limb. 
A conspicuous increase in the acceleration by two orders of magnitude suggests an 
imbalance between the magnetic, gravitational and kinetic energy. A remarkable new 
phenomenon of quasi-periodic velocity oscillations with height in prominence knots 
has been observed. 


★ ★★★★ 

Three-Dimensional Velocity Structure of Surge and Quiescent 
Prominences 


Nandita Srivaslava & Shibu K. Mathew Uduipur Solar Obsematory. // Vldya 
Marg, Udaipur 31.1001, India. 


We report here measurements of three-dimensional velocity field structure of a surge 
prominence observed on May 26,1993 and a quiescent prominence observed on June 7, 
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1993, from Udaipur Solar Observatory through a multislil spectrograph in \^oi in 
conjunction with a 15cm Coude telescope. 

F rom the measurements of the Doppler shifts of Ha line, we found that the maximum 
linc-of-sight velocities in the surge prominence were of the order of 20 40km s ^ 
Combining the radial and sky-plane velocities, the resultant velocity in the surge is 
found to lie in the range - 120 3(X)km s’. The orientation of the surge on the solar 
surface has also been obtained by calculation of the angle of inclination which the surge 
makes with respect to the vertical of the solar surface. It is found that the surge is nearly 
vertical to the solar surface. The temporal evolution of the angle of inclination shows an 
increase from 4 to 15 in a duration of 5 minutes. It is suggested that the surge material 
falls back on the solar surface as time progressed. 

In the case of quiescent prominence, the measured Doppler shifts were smaller and 
hence the line-ol-sight velocities w^ere lesser in the range ^ 0 7 km s ’. Since negligible 
sky-plane velocities were observed in the case of quiescent prominence, the resultant 
velocities were also found to lie in the range 0 7 km s ’. 

★ ★ -A- ★ ★ 

Direct Observational Evidence for the Heating of the Solar Chromosphere 


R. Kariyappa K. R. Sivaraman / ndian Ifisfiditc Astrophysics, Banpaiorc 560 034, 
India 

M. N. Anandaram Department Physics, Haiiifalore University, Biinpalore 560 056. India. 


A 35-mmule time scries of photographic spectra in the Call H line obtained at the 
Vacuum Tower 3'clescopc (VTT) of the Sacramento Peak Observatory, New Mexico at 
high spatial, spectral and the temporal resolution on a quiet region around the centre of 
the solar disc has been analysed to provide data on the range of line profile variations. 
We have derived line profile^ at the sites of the inner network bright points. From the 
temporal changes seen in these profiles we have studied the dynamical processes 
associated with the evolution of these structures. We find that the bright points can be 
grouped into three classes based on their evolution pattern. We have discussed the 
similarities and ditTcrcnces in behavior of the bright points among the three classes. It is 
argued that the differences in the behavior of the bright points in the three classes arc 
directly linked with the differences in the underlying photosphcric magnetic field 
cospatial with them. The plots of the intensity of parameter versus time (light curves) 
for the entire 35-minule duration of the sequence show that the mode of excitation in 
the bright points starts with a 'main pulse’ which is followed by smaller pulses with 
exponentially decreasing brightness. The histogram plots and the power spectrum 
analysis of these pulses show^ that their intensity oscillates with a period around 190 s. 
The period of oscillations is independent of the amplitudes of the wave pulses. 

We have also estimated the total energy dissipated at the site of the bright points 
using their line profiles over the entire sun and this energy flux together with that 
contributed by the network boundary regions matches well with the emission by the 
Call ions estimated in the model calculations. Thus the bright points arc the sites where 
substantial heating lakes place and the main pulse transports this energy. We have 
discussed the physical nature of the wave propagation in the three classes of bright points. 
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Spectroscopic Analysis of Prominence Ha Call H & K and Hel 10830 
Lines 


Y. D. Park Korea Astronomy Observatory, Korea. 

H. S. Yuil Astronomy Department, Seoul National University, Korea. 
IC. IchiniOtO National Astronomical Observatory, Japan. 


Quiescent prominence spectra of Ha, Call H & K and Hel 10830 lines have been taken 
with GI CCD camera attached to 25 cm coronagraph at the Norikura solar station, the 
National Astronomical Observatory of Japan from August 10 through October 13, 
1992. In the present study, we have analysed a set of spectra of Ha, Call H & K taken 
from a quiescent prominence (P.A. 110" ) that appeared on the 16lh of August 1992. 

In taking these spectra the slit was placed parallel to the solar limb at 7 different heights 
on the prominence, each being separated by lOarcsec. The spectral resolution is 
0.023 A/pixel and the spatial resolution is 0.6 arcsec/pixcl. Each spectra was taken 30 
seconds apart for about half an hour, during which time the slit was kept fixed. The 
projected maximum height of the prominence was about 42,(XK)km. 

The quantitative analysis has been made on the observed Ha, Call H & K lines to 
determine the temperature and lurbulenl velocity of the prominence by measuring 
their Doppler half widths, The final analysis shows that the temperature ranges from 
73(K1 to 8K(K)K whth an average turbulent velocity of 7km/s. The column density of 
Call and H are found to the N(Call) and N(H) ^ 5 x 10^^ respectively, which 

arc in good agreement w'Uh those of Gallegos & Machado (1973, Solar Phys., 31, 427) 
and Engvold (1976. Solar Phys.. 49, 283). 

In order to examine the oscillatory nature of prominences we have taken time 
sequential spectra of Hel 10K3() lines by placing the slit at a fixed position ovei two 
hours each for two quiescent prominences, which appeared on the 23rd of August 
(P.A.--” 270 ) and on the 3rd of October (P.A. = 80 ). The spectral resolution is 
0.054A/pixel for Hel 10830. The peak intensities of the observed Hel 10830 lines have 
been measured to obtain their intensity variations with time. I rom the measured 
intensity variations the power spectra of these two quiescent prominences were 
generated by using the method of Carbonell et al. (1992, .4str. Astrophys., 264, 350). The 
resulting power spectra show’ that both the prominences have definitive oscillatory 
motions with a nearly identical set of periods of 66, 40 and 30 minutes. 

★ ★ ★ ★ 

Solar Observations using Lithium Niobate Fabry-Perot Etalon 

A. Bhalnagar, Debi Prasad C. & Shibu K. Mathew Udaipur Solar Observatory, 
11 Vidya Mary, Udaipur 313 001. India. 


Solar physicists have been using the Lyot birefringent filters for the narrowband 
(/")/, ” 0.5 A) imaging of solar chromospheric activities. The limitations of these filters 
are lower throughput, smaller usable aperture, higher temperature sensitivity and 
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higher cost. During the last few years Fabry-Perot (FP) etalon based filters have been 
used in solar astronomy in order to overcome some of these diiriculties. In particular, 
the use of Lithium Niobate (LiNbO,) based FP etalons have opened new avenues to 
design excellent tunable narrowband filters. These FP etalons can be made by cutting 
a wafer parallel to Z or Y axis of LiNbO, crystal, two surfaces of which are polished and 
coated with dielectric material. The refractive index of the crystal can be varied by 
applying voitage, which serve the purpose of tuning the wavelength. At the Udaipur 
Solar Observatory, USO, we are u.sing a 60mm aperture Z-cut LiNbO, FP etalon 
filter, made by the CSIRO, Australia. The free spectral range and finesse of this etalon at 
6 I 22 A is 4.6 A and 29 respectively, which gives a band pass of 0.1 5 A. The filter can be 
tuned with a sensitivity of 0.57 A per KKK) volt. This filter is being used at USO to take 
monochromatic Ha solar observLitions. The same /liter will he used in video magneto¬ 
graph being built at USO, using 6122 A line of Cal. Comparing the Ha observations 
taken through the 0.5 A passband birefringent filter and those taken through the 
LiNb 03 filter, the I P yields about 50% higher transmission through 0.15 A passband. 
However, this FP has a smaller field of view (acceptance angle) and the instrumental 
profile is an Airy function, while the birefringent filler is a Sine function. This leads to 
higher continuum leakage in case of f P. We have completed the bench lest of the filter 
and used it at the f 40 beam of (he USO Spar telescope in a telecentric arrangement. 

★ ★★★★ 

Study of Solar Flares Observed in Hard X-ray and Soft X-ray Emissions 


V. K. Verma & M. C. Pande Vttar Pradesh Slate ()hservah)ry, Manora Peak, Naini Pal 
2^3129. India. 


The study of over 400 solar burst data observed by the X-ray polychromelcr and the 
hard X-ray bursts spectrometer (aboard SM M satellite) during solar flares is reported 
here The study shows that 30% solar flares show hard X-ray (HXR) emissions earlif'»^ 
than the soft X-ray (SXR) emissions, wdiilc 70% solar flares show HXR emissions that 
occur later than the SXR emissions. Since the SXR emissions and the HXR emissions 
originate at diflerent heights in the solar atmosphere, therefore these events seem to 
represent two different types of flares. In the first case, the triggering starts from the 
place of origin of hard X-rays i.e. lower chromosphere or photosphere, while in the 
other case, the flare triggering starts from the place of origin of soft X-rays i.c. the solar 
corona. The possible cause for this type of behaviour is also discussed in the paper. 

★ ★★★★ 

Eruptive Prominence Associated with Limb Flare of 25 January 1991 


Wahab Uddin & V. K. Verma Vttar Pradesh State Observatory, Naini Tal 263 129. 
India. 


We have observed an eruptive prominence on 25 January 1991 which started earlier 
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than 06 23 UT and was associated with a Jinib flare (SI6 E90) of class IB/XIO. The 
eruptive prominence ejected out with a maximum speed of about 1300 km sec " ^ and its 
huge mass attained height upto 150,000 km and finally faded/disappeared in the 
corona. During the ascending phase there was an unscrewing of the loop system 
associated with the eruptive prominence. The type II, III, and IV radio bursts were also 
reported during the eruptive prominence. The high flux of sudden ionospheric disturb¬ 
ances and the solar radio emissions on fixed frequencies (245 -15400 MHz) were also 
recorded. The eruptive prominence associated with limb flare also shows increase in 
proton flux (^ lOMeV) during its occurrence. In the paper we have analysed the 
observed data and compared it with the theoretical model of the solar flare. 

★ ★★★★ 

Eruption of Helical Prominence of December 15,1992 


Wahab Uddin, V. P. Gaur & M. C. Pande Uttar Hradesh State Observatory, 
Naini Tal 263 12^, India. 


We present an analysis of a dynamical helical loop prominence of December 15, 1992 
w'hich was observed with the help of a l5-cm coude refractor and Bernard Halle 
H-alpha filter on the south-east limb. The observations cover complete evolution of the 
prominence from quiescent phase to eruptive phase. Prominence rise and eruption w as 
noticed when one footpoint evolved with a complex multiloop structure. The promi¬ 
nence shows a strong activation with dynamic expansion. The velocities of bright knots 
of the prominence show gradient of velocity with respect to height. The maximum 
height attained by the prominence loop as per our observations was 0.48 above the 
limb. After attaining this height, the top portion of the loop erupted out with a velocity 
of about 600 km/sec. Dynamic behaviour of the prominence shows characteristics of 
disparition brusque. Possible mechanisms for activational and morphological evol¬ 
ution of the prominence are also discussed. 

★ ★ ★ ★ ★ 

Eruption of a Large Quiescent Prominence on January 14, 1993 


Wahab Uddin & K. R. Bondal Uttar Pradesh State Observatory, Naini I'al 263 
India 


Analysis of a large quiescent prominence, which erupted on January 14, 1993 is carried 
out. The prominence made its first appearance on January 12, 1993 at the East limb, 
showed a flare-like brightening on January 13, attaining a maximum volume with 
twisted structure. The eruption was caused probably by a plage brightening in the 
nearby active regiea, imparting a maximum velocity of about 14()0kmsec ^ to the 
prominence before it disappeared. The morphology and evolution of the prominence is 
given in the light of existing models and some physical parameters calculated. 


★ ★★★★ 
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Recurrent Surge Activity from Active Region NO A A 6368 


Wahab Uddin, V. K. Verma & M. C. Pande Uttar Pradesh State Observatory, 
Naini Tal 263 129, India. 


We report here a study of 8 solar surges observed in Ha emissions on the west solar limb 
in active region (AR) NOAA 6368 on 26, 27 and 28 November 1990. Three surges were 
observed on 26 November of durations 35, 86 and 40 min at lime intervals of 20 and 
25 min respectively for successive events. Two solar surges of durations 56 and 101 min 
on 27 November at an interval of 10 min in same AR. Three surges were also observed 
on 28 November of durations 25, 138 and 95 mins at time intervals of 10 and 20 min 
respectively for successive events. Using photographic observations, we have studied 
the morphological behaviour and estimated the height, mass, radial velocity and 
mechanical energies associated with the 8 surges. The X-ray and radio data observed 
during the surges are also included in the study. The various parameters estimated from 
the observed data are discussed in the light of solar surge theories. 

★ ★★★★ 

Mass Transfer and Surge Activity of 14 May 1993 

V. K. Verma & Wahab Uddin Uttar Pradesh State Observatory, Manora Peak, 
Naini Tal 263129, India. 


An analysis of the mass transfer from the quiescent prominence to nearby active center 
and two solar surges observed in H-alpha emissions during 01:30-05:(X) UT (14 May 
1993) are presented here. The mass transfer from the quiescent prominence to the 
nearby active center X took place with an average velocity of 134km/s for 55 min 
duration. During this period, the prominence lost its 75% mass which transfered to the 
nearby active center X. The two surges ejected from the active center Y which is about 
5 arcmin distance from the active center X. The two surges attain maximum 
heighls/velocity 37 x 10^ km/160 km/s and 77 x 10^ km/300 km/s, respectively. In the 
paper we have also estimated height, mass, mechanical energy and magnetic field 
associated with all surges. The parameters obtained for the mass transfer from 
prominence and two surges are discussed in the light of existing theories. 

★ ★ ★ ★ ★ 

On the Periodicity of Solar Wind Phenomena 

V. K. Verma. & G. C. Joshi Uttar Pradesh State Observatory, Manora Peak, Naini Tal 
263 129, India. 


We have investigated the rate of occurrence of solar wind phenomena observed 
between 1972-1984 using power spectrum analysis. The data have been taken from the 
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high speed solar wind (HSSW) streams catalogue published by Mavromichalaki et ai 
(1988). The power spectrum analysis of HSSW events indicate that HSSW stream 
events have a periodicity of 9 days. This periodicity of HSSW events is 1/3 of the 27 days 
period of coronal holes which are the major source of solar wind events. In our opinion 
the 9 days period may be the energy build up time to produce the HSSW stream events. 


★ ★ ★ ★ ★ 

Coronal Mass Ejections and the Critical Ionization Velocity Phenomenon 

E. Golbraikh, M. Filippov & R. Steinitz University, Physics Depart¬ 

ment, Beer-Sheva, Israel. 


The critical ionization velocity (Cl V) mechanism was introduced by Alfven(1954)in his 
theory of the origin of the Solar system. Alfven postulated that rapid ionization of 
neutral gas occurs, when it moves through magnetized plasma with velocity V whose 
component perpendicular to the magnetic field exceeds a critical value 

V,> 

where C, and A/„ are the ionization energy and mass of the neutral particle, respectively. 

Here we propose a new mechanism for Coronal Mass Fjection (CMF) formation in 
the solar corona. We suggest that the origin of a CME is connected with high-speed 
movement in the transition zone or lower. The high-speed flows of neutral gas are able 
to produce explosive events and jets in the chromosphere by the CIV mechanism. 

These can be the sources of eruptive prominences. In this case CIV results in ion and 
electron heating up to tens eV. In turn high-energy electrons can cause weak flares. The 
eruptive prominences generate CMEs with velocities > 100 km s ^ 

Thus, the following chain of events appears to form the observed CME; high-speed 
movement of neutral gas its ionization due to CIV eruptive prominence (weak 
flare) Coronal Mass Ejection. 


★ ★ ★ ★ ★ 

Masked Coronal Mass Ejections: An Attempt to Demask Them 


M. Filippov, E. Golbraikh & R. Steinitz Ben-Gurion University. Phy.tics Depart- 
ment, Beer-Sheva. Israel. 


Coronal mass ejections from the Sun (CMEs) are observed as bright emissive structures 
of the solar corona (r < lOR^^) by means of Earth-orbiting coronagraphs. 

The white light observations just provide a particular view of mass ejection, 
projected onto the plane of the sky, as viewed from Earth. From these observations we 
are not able to determine the exact location of the CME on the sun, yet observed CMEs 
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are classified according to their two-dimensional, apparent, morphologies. We unify 
the existing elaborate classification system applied to CMEs. This is possible because 
one and the same phenomenon - i.e., mass ejection - is projected on the plane of the 
sky. We suggest therefore that only one three-dimensional structure of CME exists. 
Just looking at such a structure in different projections one can see various coronal 
forms. We conclude that it is not necessary to have ten different morphological classes 
of CME s, when in fact they represent one and the same structure, seen in different 
aspects. 


★ ★ ★ ★ ★ 

Diamagnetic Abundance Differentiation 

Raphael Steinitz & Estelle K.linoffPfiy5/c.vDeparrmt^nf,Ben Ourion University of the 
Negev 84105, Beer Sheva. Israel. 


It is well established that there is chemical abundance differentiation between material 
in the photosphere, and material in the corona or the solar wind. It appears that this 
effect is according to first ionization potential (F'lP) only, and does not depend on mass 
or charge. We explore the possibility that this difl’erentiation is the result of strong 
diamagnetic effects experienced by ions in the chromosphere - corona transition zone, 
in the presence of diverging magnetic structures. 

★ ★★★★ 

Misconceptions Concerning the Vanishing Average of the Diamagnetic 
Effect 


Raphael Steinitz Physics Department, Ben Gurion University of the Negev 84105. Beer 
Sheva, Israei 


It has been argued in the past that while the diamagnetic effect (DME) is apparent for 
single particles (i.e. motion of charged particles in the earth’s ionosphere), it is not 
relevant for fluid descriptions of plasmas. We show that this is a misconception which is 
due to a wrong averaging procedure. 

It is easy to show that when charged particles move in a magnetic field that changes 
its intensity along the field, the time average over such a particle motion and the 
ensemble average are not equal. Thus, the Gibbs condition is violated and the ensemble 
average cannot replace the time average. The DME does not therefore vanish for 
a plasma. 

Taking into account the DME and gravity, we obtain speed filters. They, in turn, 
function as heat and momentum pumps, resulting in cool sunspots, hot coronae and 
stellar winds. 


★ ★★★★ 
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Diamagnetic Acceleration of the Solar Wind 


B. SekeleS & R. Steinitz Department of Physics, Ben Gurion University, Beer Sheva H4I05, 
Israel, 


We develop a new model to account for proton acceleration in the solar wind. 
Acceleration is a direct result of the diamagnetic effect on the charged particles, and 
hence on their velocity distribution. Our basic assumptions are: a collisionless plasma, 
energy conservation and magnetic moment conservation. 

Through numerical simulations we explore the changes in bulk speed between 
0.3 AU and 1 AU. We find that the diamagnetic effect account for the observed velocity 
increase in bulk speed. 

Since any form of wave-particle interactions is excluded from our simulations, but 
they fit well the observations, we suggest that the diamagnetic effect also accounts for 
wind expansion in early type stars, i.e. for stars without convective energy available at 
their surface. 


★ ★ ★ ★ ★ 


Energy Transport to the Solar Corona by Magnetic Kink Waves 

Arnab Rai Choudhuri', Mausumi Dikpati'’^ & Dipankar Banerjee^ 

* Department of Physics. Indian Insiitute of Science. Bangalore 560 012, India. 

^Indian Institute of Astrophysics, Bangalore 560054, India. 


We show that the magnetic kink waves generated by the motions of photospheric 
footpoints of the coronal flux lubes can supply adequate energy for heating the quiet 
corona, provided there are occasional rapid motions of these footpoints as found in 
recent observations (Vigneau et ai. 1992, preprint). Choudhuri, Auffret & Priest (1992, 
Solar Phys., 143, 49; hereafter Paper I) modelled the solar corona as an isothermal 
atmosphere and showed that these rapid footpoint motions are much more efficient for 
transporting energy compared to the slow footpoint motions taking place most of the 
time. We extend these calculations for a two-layer atmosphere, with the lower layer 
having chromospheric thickness and temperature, and the upper layer having coronal 
temperature. Even in the presence of such a temperature jump, we find that the rapid 
footpoint motions are still much more efficient for transporting energy to the corona 
and the estimated energy flux is sufficient for quiet coronal heating, i.e. we reinforce the 
conclusions of Paper 1. 

In addition to presenting results for the solar corona, we discuss the general problem 
of the propagation of kink pulses in a two-layer atmosphere for different possible values 
of the basic parameters. We find a fairly complicated behavior which could not be 
anticipated from the analysis of a pure Fourier mode. For pulses generated by rapid 
footpoint motions, the energy flux decreases due to reflection at the transition layer. 
For pulses generated by slow footpoint motions, however, the behavior of the system is 
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governed by modes, which are evanescent in the lower layer, but can tunnel through it. 
The energy flux carried by such pulses can actually increase when there is a temperature 
jump in the atmosphere. 


★ ★★★★ 

The Evolution of Weak Magnetic Fields of the Sun in Relation to 
Dynamo Theory 

M. Dikpati & A. R. Choudhuri Department of Physics, InJian Institute of Science, 
Bangalore 560012, India 


We present here a model to explain how the weak large-scale diffuse magnetic fields of 
the sun migrate poleward in contrast to the sunspots which migrate equatorward with 
the progress of the solar cycle. We study the evolution of the sun’s poloidal field in the 
convection zone by assuming that it is produced by an equatorward-propagating 
dynamo wave at the base (Choudhuri 1990, Astr. J., 355, 733) of the convection zone 
and is subject to turbulent diffusion and a meridional circulation with a poleward 
surface flow. The magnetic fieldiness in the lower part of the convection zone first move 
towards the equator where they are pushed upward by the upwelling meridional flow 
there to form magnetic bubbles by joining with their opposite hemisphere counter¬ 
parts. After reaching the surface, these bubbles drift to higher latitudes with the 
poleward meridional flow. Our model incorporates the three-dimensional vector 
character of the magnetic field, whereas the previous model of Wang et al. for the 
poleward drift of weak fields treated the magnetic field as a scalar on the two- 
dimensional solar surface. 


★ ★ ★ ★ ★ 

Magneto-Convection in Sunspot Penumbra 


S. G. Tagare & P. Murali School of Mathematics, University i)f Hyderabad. Hyderabad 
500134. India. 


The original motivation for studying the magneto-convection arose from the attempts 
to explain the origin of sunspots. Here we analyze the effect of horizontal magnetic field 
on Rayleigh-Benard convection in a region where 

- = “ < 1 for any Q, 

f] (T^ 


k 

n 


= ^ > 1 for 0 ^ Q, = 


- (7 i) 
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Here k denotes thermal diffusivity, rj denotes magnetic dilTusivity, denotes thermal 
Prandtl number, denotes magnetic Prandtl number, Q denotes Chandrasekhar 
number and is a critical wave-number corresponding to onset of stationary convec¬ 
tion. The magnetic field in umbral region of sunspots is vertical (typically around 300() 
gauss), spreading outward to the nearly horizontal in the penumbral region (typically 
around 1000 gauss). In the region of sunspot penumbra where above limits are satisfied, 
Hopf bifurcation (oscillatory convection) is absent and the principle of exchange of 
instability is valid leading to pitchfork bifurcation (cusp bifurcation) for Q < and 
Takens-Bogdanov bifurcation (saddle-node bifurcation) for Q — Q^. We have derived 
nonlinear time-dependent one-dimensional equation near the onset of stationary 
convection at supercritical pitchfork (cusp) bifurcation and nonlinear second-order 
ordinary differential equation aear the onset of stationary convection at supercritical 
Takens-Bogdanov (saddle-node) bifurcation. We have obtained the steady-state sol¬ 
ution of the Landau-Ginzburg equation as well as solution of the nonlinear second- 
order ordinary differential equation which describes behaviour near the onset of 
stationary convection. 


★ ★★★★ 

Helioseismic Determination of Sound Speed in the Sun 


Sarbani Basu & H. M. Antia Tutu institute of Fundamentul Research, Honii Bhahha 
Road, Bombay 400 005, India. 


We present an asymptotic method for inferring the speed of sound within the Sun using 
solar p-mode oscillation frequencies. The method has been tested on solar models. We 
show that addition of higher order terms to the Duvall Law leads to substantial 
improvement in the results. The relative difference between the actual and inferred 
sound speeds of the solar models is found to be less than 0 5% between radii of 0.05/io 
and 0.99i?, ,. Using the differential technique we can get much better results, even 
without the higher order terms. With this method it is possible to get similar accuracy 
down to a radius of 0.01 Results for frequencies with random errors added show 
that the method is not very sensitive to errors in the frequencies, and hence the sound 
speed within the Sun can be estimated quite reliably. The sound speed in the Sun is 
found to be within 1 % of that in a standard solar model with a convection zone depth of 
200^)00 km. 


★ ★ ★ ★ ★ 

On the Relation of AAA Asteroids and Comets 


Suryadi Siregar Department of Astronomy, Institute of Technology of Bandung, Indonesia. 


By using the Minor Planet Data Base of the National Astronomical Observatory, 
Tokyo, we investigated the origin of the Apollo-Amor-Aten (AAA) asteroids. This 
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study concluded that the AAA asteroids are double than three years ago, the percen¬ 
tage of both classes remains constant. Statistically, the Tisserand invariant, T, of AAA 
objects spread in the range from 2 to 7.6 with strong concentration at T :> 3, meanwhile 
comets have the Tisserand invariant of T 3. The present status of Tisserand invariant 
of comets and AAA asteroids are briefly described, the AAA asteroids appear unusual, 
as compared with main-belts objects. The precise physical mechanism that might 
explain the differences remains a mystery. The current studies estimate that some 60% 
of the Earth-crossing objects are supplied from some other reservoirs. At present the 
short period comets are the only identified reservoir that can fill that gap. The present 
status of possible Comet-like Asteroid and Asteroid-like Comet are briefly described. 

There is as yet no conclusive evidence that any of the asteroids are extinct or dormant 
cometary nuclei. But there is a tantalizing body of evidence which we have presented 
here, which suggests that some near Earth asteroids plus several others have cometary 
properties, either dynamically or physically in particular are identified as cometary. 
At the same time many of the likely cometary candidates have physical properties 
which are inconsistent with our current understanding of cometary nuclei such as 
high albedos and (or) unusual spectra. Thus it is not yet possible to put together 
a coherent picture or to conclusively identify any specific asteroids as an extinct 
cometary nucleus. 


★ ★ ★ ★ ★ 

Formation and Regression of the Martian North Polar Cap in 
1992 1993 from Image Processed CCI) and Photographic Images 
and Drawings 


K. Iwasaki Kyolo Gukuen University. Natijo. Soiiabecho, Kameoka, Kyoto 621, Japan. 

S. M. Larson iMnur and Planetary Laboratory. University of Arizona, J'ucson. Arizona 
S5721. U S A. 

E. Panjaitan & 1. Radiman Bosseha observatifry. Institute of Technology of Bandung, 
Lembang, Indonesia. 

T. Akabane Hida Observatory, Kyoto University, Kamitakara, Gifu 506-1J, Japan. 

S. Elbisawa Planetary Research Observatory. Ilirayama, Hino, Tokyo 191, Japan. 


The problem of when the north polar cap forms has not yet been solved observation- 
ally. The 1992 1993 apparition was favorable to observe the season of the formation 
and the regression of the north polar cap. The cooperation works of the observations of 
Mars in 1992-1993 were executed with the 49-cm reflector at the Planetary Research 
Observatory, with the 60-cm double refractor at the Bosseha Observatory, with the 
65-cm refractor at the Hida Observatory, and with the 154-cm reflector at the Catalina 
Station, Steward Observatory, University of Arizona. The CCD and photographic 
images and the drawings obtained by those observations have been image processed 
and measured with a new' measuring system of Martian polar cap. In this method, we 
use image display routine (SAO image) in the IRAF to display images of Mars on the 
screen of the SUN work stations. 
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In our observations in 1992, red filter images taken in the period before Ls = 0 
(Ls is the areocentric longitude of the Sun) revealed dark surface features of the 
northern high latitudes, when blue filter images show the extensive polar hood. The 
latitude of the northernmost feature observed was about 64 'N. Similar to our observa¬ 
tions in 1975-1976, a widespread north polar cap, which is predicted by most of 
the existing models and the Viking observations, was not observed in our observations 
in 1992. 

After Ls - 0 , the north polar cap in the 1992-1993 apparition hesitated to shrink 
until Ls = 40 , and then it started to shrink in our observations. The mean latitude of 
the edge of the cap was near 60'’N, and was too big compared with the earlier 
observations. The color of the north polar cap before Ls = 40 was a little bit bluish. 
Therefore, there is a possibility that the north polar hood remained until Ls = 40' in 
this apparition and we observed the edge of the polar hood instead of the edge of the 
polar cap. After Ls = 45 \ the size of the north polar cap in 1993 appears to have been 
similar to those in earlier years. 


★ ★ ★ ★ ★ 

On the Dust Torus around the Orhit of Phobos 


A. V. Krivov & V. B. Titov Astronomical Institute, St. Petershurc/ University, Stary 
Peterhof 19S9()4 St. Petersburg, Russia. 


Impact ejecta from the surfaces of some small planetary satellites (such as Martian 
moon Phobos) should give rise to dust belts surrounding the satellites’ orbits. The 
mechanism of dust belt formation is as follows. A satellite is subjected to impacts of 
meteoroids with encounter velocities of about 10 km second ~ L The total mass of the 
ejecta is 3 to 4 orders of magnitude greater than the mass of a projectile. A great number 
of excavated particles is thrown to planetocentric trajectories close to the satellite orbit. 
This results in the generation of a dust toroid with an axial line coinciding with the orbit 
of the parent body. Simultaneously the grains are removed from the torus by the 
satellite. For not very small grains, their removal by the satellite is the major loss 
mechanism, so that the matter injection into the torus and the re-accretion come to 
a dynamical equilibrium at the increased density level. 

We construct the model of a dust torus and apply it to the Phobos case as the most 
typical and important in view of the Martian space missions planned for the near 
future. Under some plausible assumptions, we come to the following estimates. The 
total mass of the Phobos dust belt is several times 10"^kg. The lifetime of a particle 
inside the torus should be about I yr. The matter density reaches a maximal value at the 
Phobos orbit, being 10^ times the background density of the interplanetary medium. 
All estimations arc probably within one order of magnitude accuracy due to the 
physical data uncertainties and errors of the simulation. 

Our results are valid for macroscopic particles, greater than about 100/xm in size. 
The fine-dust component of the belt, affected strongly by radiative forces and charging, 
should be the subject of a separate study. 

Ways to refine the model and directions for further investigation are discussed. 


★ ★ ★ ★ ★ 
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Imaging Polarimetry of Comet Austin 

U. C. Joshi, J. S. Chauhan, M. R. Deshpande & A. K. Sen Physical Research 

Laboratory, Ahmedahad 3801)09, India. 

A. K. Bhatnagar Positional Astronomy Centre, Calcutta 700 053, India, 


Comet Austin was observed during April and May 1990 when its phase was between 106 
and 110 degrees to study its polarization behaviour. Observations were made at Mt. Abu 
on April 30 and May 1 3, 1990 with a Celestron-14 telescope equipped with an image 
intensifier placed at the focal plane. A polaroid sheet was placed in front of the primary 
mirror. Kodak-2515 film was used for photographic recording. Three exposures of comet 
Austin were taken in three different orientations (0,120 and 240 degrees) of the optic axis of 
the Polaroid sheet with respect to the celestial NS axis. Polarization of individual pixel was 
calculated using the method discussed in Sen et ai (1990, Icarus, 86 , 248). In this paper we 
have presented the results based on the observations made on April 30, 1990. 

Polarization image shows the regions of high (16%) and low (0 2%) polarization. 
Near the nucleus polarization is almost zero; in the near vicinity the value is 4- 6%. 
There is a small feature south of comet nucleus showing relatively high polarization 
(8%). High polarization (16%) in the outer region in the form of a shell is seen. The 
mean distance of the shell from the nucleus on the west side is 450 arcsec. The high 
polarization may be due to scattering by smaller dust grains (implying segregation of 
grains). The total molecular emission in the outer region may be low. 

Strong jets or other unusual activity, as observed in comet Halley (Eaton et ul. 1988, 
Icarus, 76, 270) is not seen in the polarization map. Mild streaming is however seen on the 
western side. Segregation of dust particles is expected in the tail direction due to solar 
radiation pressure. The plate scale of the telescope being 68 arcsec per mm and the pixel size 
of the digitized image being 60 micron, each pixel corresponds to 4.08 arcsec of comet i.e. 
a linear size -- 1700 km on the comet on April 30. The mean distance of the high polariza¬ 
tion region on the west side from the nucleus is estimated to be about 190,0(K)km. 

★ ★ ★ ★ ★ 

Physical Structure and Stability of Cometary Nuclei 

B. S. Sandhu & M. Sole /n.s’fifwre of Astronomy, Charles University. Prague, Czech 
Republic. 


Whipple's icy conglomerate model of cometary nucleus enjoyed wide acceptance and a 
long successful life. Considerable changes were brought to it, based on the guidance of 
observational evidences and theoretical considerations. After the fractal model and the 
rubble pile model, icy glue model brought major alterations. But the concept of porous 
refractory boulders of the icy glue model seems to be quite unrealistic and inexplicable. 
Viewing minutely the process of cometary formation, the boulder complex model is 
proposed. It explains cometary splitting as the breaking free of a single complex of 
boulders or more. Breakage of boulders at a small scale may explain the issue of 
cometary outbursts. An extreme case of global breakage of boulders may even explain 
the complete disruption of a comet. 


★ ★ ★ ★ ★ 
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New Observing f acilities and Recent Progress in China 


Ye Shuhua Shunphai Observatory, Chinese Avademy of Sciences. 

Abstract. Developing and upgrading the observing facilities in China 
have been emphasized to provide the foundation of observational astron¬ 
omy. M ost of the instruments were designed and made in domestic factories 
and observatories. The Nanjing Astronomical Instrument Research and 
Manufacturing Center has played an important role in the application of 
these advanced techniques and detectors such as self-adaptive optics, fiber 
optics, CCD cameras, computer image processing system, etc. 

This paper gives a brief survey on the new progress in recent years. All the 
facilities are available to domestic and foreign astronomers and scientific 
cooperations are highly welcome. 

Key words: Telescope observation. 


1. Optical telescopes 

1.1 2.16m Reflector {Locution: Xinqlony Station, Beijinq Ohservutory) 

This telescope is equipped with two CCD cameras, the red sensitive one with 578 x 384 
pixels, corresponding to a 2.'34 x 1 .'56 field, while the blue sensitive one w ith 512 x 512 
pixels and a 2.'23 x 2.'44 field. Aspectrograpb is located on the 1/9 Cass, focus, w ith 
grating of 3(K) lines/mrn, and 80 x 100mm area, the dispersion being 195A mm. The 
telescope is being used in both single and multi-object observing mode with liber optics 
system. A new spectrograph will be installed in the F/45 focus this year. 


1,2 /.56m Astnonetric reflector (Locution: Sheshun Station, Shunqhui Ohservutory) 

This telescope is also equipped w ith a CCD camera on the F/10 focus, the C’CD is a red 
sensitive one with 1024 x 1024 pixels, corresponding to a 4' x 4 field. A photoelectric 
photometer with lime resolution to 1 ms is used lor occultation observation. 


1.3 1.26 m IR Tele.scope (Location: Xinqlonq Station, Beijing Ohservutory) 

The Cass, focus of F/30 with a field 14' is used for this telescope. For 1 minute 
integration time, the photometer can reach 

J H K L M band 

12.5 12.5 12.5 8.5 7.0 magnitude 
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1.4 69/Wcm Sclimiilt tclesci)pc {Locution: Xinglong Station, Beijing Observatory) 

By using 17 filters on the 1/3 focus and with a CCD camera of 2048 x 2048 pixels, the 
Beijing-Arizona Multi-colour Survey Project is being performed on this telescope for 
stars down to 20th magnitude. 

2. Solar observing facilities 

2.1 Solar Magnetic field teh scope (Location: fluairou Station, Beijing Observatory) 

The performances of the telescope are as follows; .A = 35 cm, f = 228 cm w ith vacuum 
lube, dual observing channels; 5324.19A and 4861.34A by using specially designed 
birefringent filler wath 3 KDP electro-optic modulators and CCD with 512 x 512 
pixels. The solar photosphere and chromosphere can be observed simultaneously. The 
resolution is as follows; 

Magnelu' field (longitudinal) IG. 

Velocity Held 10 m s. 

Time 1 minute. 

Spatial 0.5 x 0.7 arcsec. 

A terminal of 9 channels will be installed to replace the dual channels soon. 

2.2 Photometric solar seismograph {Location: Yunnan Observatory, Kunming) 

I'he instrument w^as developed by the Santa (\intalina Lab. for LxperimcnLal Relativ¬ 
ity by Astrometry as a cooperative project between the University of Arizona and 
Yunnan Observatory. This instrument is used to observe solar oscillations by deter¬ 
mining changes in the intensity of the continuum of the solar disk with spatial 
resolution of about 50 arcsec 

The performance of the telescope is as follows; 

Coelostat mirror 20cm. 

Primary mirror 7.0cm, f---200cm. 

Two detector systems; — 19 mm solar image at disk center. 

- 28 mm solar image at solar limb. 

2.3 Spectra-spectroheliograph and scanning stokes polarimeter 
{Location: Yunnan Observatory, Kunming) 

The spectra-spectroheliograph can scan 2 lines simultaneously from 3600 1 1000A, 
with spatial resolution 12". 

The performance is as follows; 

Telescope: A 50 cm, f = 1 2.5 m, solar diameter = 116 cm 
Spectrograph: Grating 630 iuics/miTj, 320 x 3(X)mm area, dispersion 1.2A/mm 
Polarimeter: 3 mechanical modulations 
Llectronics; CCD array, 515 x 512 pixels, 6 x 6 mm 
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2.4 Solar fine structure telescopes (Location: Yunnan Ohservatoiy, Kunming and 
Wusan Station, Purple Mt. Observatory) 

The two telescopes are of the same design^ both are 26 cm binocular vacuum tube 
telescope to observe the Sun on Ha band and white light simultaneously. 

2.5 Solar radio telescope group (Location: Yunnan Observatory, Kunming) 

hour small dishes working on 7.5,10.6,15,21 cm and a 10 m antenna with a radio acoustic- 
optical spectrograph working at 230 3(X)MHz are involved in this group. The Sun is 
observed with all these telescopes simultaneously with time resolution of 1 ms. 

2.6 High resolution observing network for solar hurst 

Besides the solar radio telescope group in Yunnan Observatory, the network consists of 
the dishes at the following locations; 

Shahe Station, Beijing Observatory: observing on 3.10cm 
Purple Mt. Observatory: 3.13 cm 

Nanjing University: 3cm 

Beijing Normal University; 2 cm 

The time resolution of all the receivers is 1 ms and the time synchronization among all 
the stations is 1 ms. 


3. Radio telescope 

3.1 25 m Telescope (Location: Sheshan Station, Shanghai Observatory and 

Urumqi Astronomical Station) 

The two stations are mainly working on VLBI, but can also be used as single dish. The 
Sheshan Station is newly equipped with a VLB A terminal of 14 channels. The MK II 
Icrminais and MK II correlaloi are in operation. The Urumqi Station will be equipped 
with a MK III A terminal with 14 channels and MK 11 terminal and the station will be 
in operation next year. 

3.2 IT7 ni Telescope (Location: Delingha Station, Purple Mt. Observatory) 

13 mm receiver is in operation and 2.6 mm one will be used .soon. The telescope is being 
used to observe ctismic molecular lines as well as high resolution solar burst. 

3.3 Meter-waveband aperture synthesis radio telescope {Location: Miyim Station, 

Beijing Observatory) 

The telescope is an E W array of 28 elements 9 m antenna and is operating on 232 and 
327 MHz. The 28 elements arc under modification of phase linking to be used as a single 
dish telescope with equivalent diameter of 47 m. 
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4. Astrometric instrument 

4.1 Danish-Chinese Meridian Telescope (DCMT) (Location: Lintong, Shanxi 

Observatory) 

The DCMT is under operation between Shanxi Observatory and the Copenhagen 
University Observatory. It is a horizontal meridian telescope of automatic observing 
mode, the limiting magnitude is 14. 


4.2 MK III Photoelectric astrolabe (Location: Xinglong Station, Beijing Observatory) 

The performance of the astrolabe is as follows. 

Aperture 26 cm, f= 500 cm, single image 
Autocollimation 

Dual photo counting record system in V, B band 
Dual zenith angle, 36 and 55 degrees 
Automatic mode, limiting magnitude 13 


4.3 H-maser clock (location: Shanghai Observatory) 

Two types of H-maser clocks have been developed 

Mobile H-maser clock. Type II, Wt. 200 kg 
Portable H-maser clock. Type III, Wt. 50 kg 

All the clocks have stability better than 10 They are used to support the VLBI 
observation as well as keep the atomic time scale. 


4.4 Satellite laser ranging network (Location: Sheshan Station, Shanghai 
Observatory: Changchun Satellite Observing Station; Wuhan Station) 

All stations are equipped with third generation SLR system: Aperture 60 cm, Y AG; nd 
mode-licked laser, 120ps pulse width, computer controlled automatic tracking. All 
the laser satellites are being tracked, and daylight tracking has been conducted in 
Shanghai. 


5. New techniques 

5.1 Adaptive optical system on 1.2 m telescope (Location: Yunnan 
Observatory, Kunming) 

The telescope has a clear aperture of 106 cm, f= 14 m, tracking accuracy == V\ pointing 
accuracy of a few seconds; wave front detector: sheer interferometer; control band¬ 
width; 65 Hz, 21 Units; deformation mirror: 158 mm, driving by piezoelectric ceramics 
separately and deformation range ± 1 mm. 
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In 1990 1992, four testing observations were conducted jointly by the Yunnan 
Observatory and the Chengdu Institute of Optics and Electronics. The central part 
(0375 mm) of the telescope was used. Images of 4lh magnitude were detected with 
resolution of 0/'5. Further experiments will use the whole aperture of the telescope to 
detect star of 11th magnitude with resolution of 0."1 (visible) and 0."2 (IR). Hartmann 
wave front detector of 73 units will be used. 


5.2 Optical interferometer 

Testing units of the interferometer are under construction in Nanjing by the Shanxi 
Observatory and Nanjing Astronomical Instrument Research and Manufacture 
( enter. 
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Plans for a Large Indian Telescope 

S. N. Tandon Inter-University Centre for Astronomy and Astrophysics, Post Bag 4, 
Ganeshkhind. Pune 411 007, India. 

Abstract. In order to meet the growing demands for optical observational 
facilities, it is proposed to develop a 4m class modern telescope. The 
telescope would have a fast and low mass primary mirror, an altitude- 
azimuth mounting, and would incorporate active optics to get sub-arc 
second images. The telescope would mainly be used for optical and near 
infrared observations, and good seeing conditions would be an important 
criterion for the design and site selection. One of the prospective sites is 
Devasthal - a peak near Nainital at a height of 2300 m; however a final 
selection of the sitq would be made by monitoring more sites in Himalayas. 

It is hoped that the Department of Science and Technology would provide 
adequate support for setting up such a telescope. 

Key words: Telescope site selection. 


1. Introduction 

In India the interests of observational astronomers span a wide range, from the highest 
energy particles of cosmic-rays to the lowest energy photons of radio-waves. If 
a division is to be made, the maximum number of astronomers would fall in the 
category of optical astronomers. There are four one meter class telescopes in India - 
one each at Abu (lat. 24‘39'N, long. 12 ATE), Kavalur (lat. 12'’35'N, long. TS^’SO'E), 
Nainital (lat. 29’22'N, long. 79''27'E), and Rangapur (lat. 17' 06'N, long. 76 i4'E) - and 
one 2.34 m telejicope at Kavalur. For several years, a need for a larger modern telescope 
has been felt by the astronomy community. As a first step towards the planning of such 
a telescope, the Department of Science and Technology appointed a group of astron¬ 
omers and engineers to make recommendations for such a telescope. In this paper the 
main features of the 4iti class telescope recommended by this group are presented. As 
the technology is going through very active evolution, we have to make choices from 
the possible solutions which are not proven yet. As we go along, the reasons for our 
choices would be mentioned and 1 would be grateful for any comments/criticism 
concerning these choices. 


2. The telescope 


The telescope would be of 4.2 m aperture, and would be capable of giving sub-arc 
second images in the optical and near-infrared bands. Consistent with these require¬ 
ments we are looking for the most economical implementation. 
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2.1 Optics 

A classical Cassegrain configuration is selected with a //2 primary mirror, and two focii 
of y /8 and //13 respectively. A field corrector would be incorporated for the //8 focus, to 
get a 30' field for wide field work. The //13 focus would be used mainly for the near 
infrared work, and the secondary mirror would be optimised for minimal background. 
Prime and Nasmyth focii are not proposed, and the advantages of these have been 
given up in exchange for the simplifications in the mechanical design. 


2.2 Primary mirror 

There are two possible choices for light weight mirrors: pyrex mirror with a honeycomb 
core, and thin solid meniscus of ultra-low expansion glass. A comparison of the two 
mirrors is presented in Table 1. The most important advantage of the honeycomb 
mirror is its higher rigidity which would simplify the support system, and its main 
disadvantage is its sensitivity to the temperature gradients. 

We have chosen the solid meniscus option, because it appears to be already proven 
for obtaining sub-arc second images, limited by seeing at a level of < 0.5 


2.3 Supports for the primary mirror 

The solid meniscus mirror necessarily needs axial supports every 40 cm or so, and these 
supports need to balance the forces of gravity with a precision of about 1 part in 10"^. 
The supports would be hydraulic type, divided in three groups (each covering a 120 
sector of the mirror) of interconnected supports and these groups are servoed to give 
zero reaction forces on the three position defining points. In addition to these hydraulic 
supports, which act effectively as whiffle tree (see Angel 1988), individual active force 
actuators would be used on each of the axial supports (see Enard 1988) for the purpose 
of active correction. With such an arrangement, the interconnected hydraulic supports 
adjust themselves to the systematically changing load due to the variation in elevation, 
and the active actuators only need to correct for the remainder errors in forces. The 


Table 1. Comparison of ULE meniscus mirror and pyrex honeycomb mirror. 


Parameter 

Meniscus (20cm thick) 

Honeycomb (5 cm thick face 
plates and 60 cm total thickness). 

Temperature 

gradients 

Insensitive 

Sensitive, gradients to be below 
-^0.1 C 

Temperature 

changes 

Resulting distortions can be 
corrected by active optics 

Resulting distortion not easy 
to correct. 

Thermal time 
constant 

Few hours 

Less than an hour if the core 
is ventilated. 

Wind gusts 

Very susceptible to distortions 

Relatively insensitive. 

Costs 

More 

Less 
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radidl support would be passive astatic type, and no ac^ ve correction would be needed 
for these. 


2.4 Active optics 

In order to ensure sub-arc second images, active optic control based on the develop¬ 
ment of this technique at ESO would be used (Tarenghi & Wilson 1989). The principle 
of the active optic control is illustrated in Fig. 1. In order to analyse aberrations of the 
optics, the image analyser in effect has to divide the wavefront into a few hundred small 
parts, and the image in each of these is averaged over more than ten seconds (to filter 
out the perturbations due to the atmospheric variations) to derive the corresponding 
tilt. The tilts of the wavefront are then used to calculate the force and position 
corrections required to be applied on the primary and secondary mirrors respectively. 
In order to be able to get sufficient photons to get an accuracy of <0.1" from the 
wavefront analyser, a star brighter than ^ 16 is required such a star would be 
easily available if a field of 20' is accessible. 



Figure t. Principle of active optic control is illustrated as developed at ESf). The forces to 
correct the primary mirror figure are applied by actuators represented as ^ A’, and the secondary is 
moved by motors represented as 'M for focus, alignment, and tilt coricctions. 
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2.5 Wind loads on the primary mirror 

The primary mirror is extremely flexible and unless the forces due to the wind are well 
balanced by the supports a serious distortion of the surface would occur. The forces of 
a steady wind are corrected by the active part of the supports, as the wavefront analyser 
would be able to provide the required feedback. However, a fluctuating wind force is 
much more difficult to handle because of the rather large response time (> 10 s) of the 
active optics. For example a sudden change in the wind speed from zero to 1 m/s would 
lead to a pressure change on the mirror s face of 1 N/m^, and this pressure, if 
unbalanced, would lead to unacceptably large forces on the three position defining 
axial supports. The interconnected hydraulic supports automatically adjust themselves 
to such changing loads (see Knohl 1988) and ensure that the load is countered 
uniformly by the supports. Further, division of the supports into three interconnected 
groups ensures that the wind force is independently balanced in each third of the 
mirror, and therefore any spatial gradients in the wind pressure would only generate 
unbalanced forces over a scale much smaller than the aperture. 


2.6 Structure 

The mechanical structure would be an alt-azimuth configuration, incorporating 
friction drives and roller bearings on the two axes (see Fig. 2). The use of roller bearings 
simplifies the construction at the cost of increased friction. The friction torque on the 
azimuth bearing can be quite substantial and become a source of trouble if the full 
diameter of the azimuth ring (~ 4.5 m) is used for it; the friction torque can be reduced if 
the bearing diameter is reduced. In principle a constant frictional torque would not affect 
the pointing and tracking performance. However, roller bearings arc also associated 
with some amount of ripple torque and this alfects the pointing and tracking. 

The frictional torque in the azimuth roller bearing would be about lOON-m (for 
a mass of 6 x 10"^ kg) and if it has a lOVo part as fluctuating at 1 Hz the corresponding 
ripple in the pointing would be about 2". Such a ripple in tracking is unacceptably large, 
however if this ripple can be detected by the incremental shaft encoder then a correction 
can be made for it by tilting the secondary mirror appropriately. 

2.7 Pointing and tracking 

The drive for the two axes would be friction drive on disks of about 2 m radius. The 
pointing would be based on absolute shaft encoders of 1" resolution, and the tracking 
would be guided by incremental tape encoders mounted on the drive disks and by star 
sensors in the focal plane. The incremental encoders would have a resolution of 0.05", 
and these could be also used to detect any errors ah.sing due to the fluctuating frictional 
or wind torques; fast corrections can then be made through tilt of the secondary mirror. 


3. The enclosure 

The enclosure would be a simple structure with double skinned plane surfaces (see 
Fig. 3), and having a minimum volume. The enclosure would be actively cooled during 



Plans for a Large Indian Telescope 


407 



Figure 2. The mechanical conliguration of Ihe telescope is shown. The friction drive disks are 
indicated by T')' and the corresponding motors and rollers are indicated by ‘M' and ‘R’ 
respectively. I he tape incremental encoder for the azimuth axis is also indicated as ‘E 


the day, and would be ventilated actively during the observations to minimise the 
eflecls of thermal perturbations. The service buildings would be lar away from the 
enclosure, and all the sources of heat would be isolated from the telescope floor. 


4. The site 

In India, cloud cover is minimal in the central part of the country, and it increases to the 
south and to the north. Elowever, in the Himalayas there are relatively sharp variations 
due to effect of the mountain ranges and good high altitude sites are likely to exist there. 

The Uttar Pradesh State Observatory of Nainital has carried out a survey of possible 
sites in that region, and have studied one of the promising sites in detail. This site, called 
Devasthal, is at an altitude of 2330 m and is located at lat.~ 29.5 N, long. 79 E. The 
observations show that about 200 nights/year are useful for observations, the wind 
speed is generally <10 km/hr, the temperature variations during the night are < I ' /hr, 
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5CALE 

o' '5'\ 

Figure 3. The enclosure lor the ^.elcscope is shown. Windows with controllable opening area are 
provided for vcnlilalion during the observations, and occupancy of the building is minimised for 
easing the thermal control. 

the seeing is belter than \" for 40% of the lime, and the precipitable water vapour is 
< 2 mm for 20% of the nights. Whereas this is not an excellent site, better and higher 
sites arc likely to exist in Himalayas. 

5. Prospects 

The Department of Science and Technology is very interested in promoting the 
realisation of this large telescope. The total cost of realising the observatory is 
estimated to be about Indian rupees 6 x 10**, and due to the budgetary constraints 
support to the project is not yet approved, but we are hoping for such an approval in the 
near future. 
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Subaru: An 8-ni Optical/IR Telescope Project 


Norio Kaifu National Astronomical Observatory, Mitaka, Tokyo, Japan IHl. 

Abstract. The concepts of the Japanese 8.2 m optical and IR telescope 
project, Subaru, are summarized. Subaru aims at the highest achievements 
of ground based telescope in the optical and IR wavelength region. The 
status of the construction is also reported. 

Key words: Telescope; optical and IR — instruments. 


1. Basic design 

Subaru is an 8.2 m diameter new technology telescope for optical and infrared 
astronomy being built by the National Astronomical Observatory, Japan. The main 
concepts of the project are (1) large monolithic mirror, (2) very good image quality, 
(3) wade coverage of observable wavelength, and (4) high data-taking ability. The name 
“Subaru” was given after the old Japanese word for Pleiades. 

The Subaru project is now at nearly one-third of its 9-years’ schedule; the construc¬ 
tion started in 1991, and will be completed in 1999. The Subaru telescope site is the 
42(X)-m high Mauna Kea summit in Hawaii island, one of the best sites for the 
ground-ba.sed astronomical observations (Fig. 1). 

The basic design of Subaru can be summarized as follows. 

■ 8.2-m effective aperture, thin-meniscus IJLE mirror, 

■ 264 active supporting structures. 

■ Alt-azimuth mounting with oil bearings and direct driving system. 

■ Air-flushing type enclosure with temperature control (in daytime only). 

■ Cassegrain, prime and two Nasmyth foci. 

■ Aims observations through 0,3 to 30/xm wavelength region. 

The scientific target of Subaru is wide, including the Solar system, external planetary 
system, star formation. Interstellar matter, stellar physics, evolution of galaxies, AGN, 
proto-galaxies, and cosmology. 


2. Primary mirror and active supporting system 

The 8.2 m main mirror of the Subaru is designed to obtain the best possible image, by 
adopting active supporting system. The error budget of the FWHM image size of the 
main mirror is as follows: 


Diffraction limit (at 0.5/xm) 
Figuring error 
Active support error 


0.013 arcsec 
0.07 arcsec 
0.07 arcsec 
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Figure I. Artist’s impression of Subaru on Mauna Kea. 




Subaru 
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Figure 2. Concept of ciclivc-supportin^' system of Subaru main mirror. 


Shack-Harlmann measurement error 0.02 arcsec 

OveralJ 0.10 arcsec 

The main mirror is a thin-meniscus type, 20-cm thickness ULF. (ultra-low expansion 
glass developed by the Corning Glass Company). It will be supported by 264 precision 
actuators which keep the mirror surface within the accuracy of 20-nm rms at any 
elevation angle of the telescope higher than 15 degrees. This active supporting system 
will also keep the surface accuracy against the temperature change, and to some extent, 
against the wind (Fig. 2). 

So far all of the 44 ULE hexagonal units have been finished in the Corning factory at 
Canton, USA. Measured coefficient of thermal expansion of the ULE materials were 
satisfactory. The whole ULE hexes will be arranged so that the best temperature 
performance of the mirror is attained, and then be fused together in a large rotating 
furnace and be sagged down to get proper convex shape. The construction of the large 
furnace has almost been completed. The delivery of the finished glass material to the 
polishing site is scheduled in middle 1994. The construction of the polishing machine 
has just started, and the polishing process will take another three years. 

The actuators to support main mirror are now being fabricated and will he tested 
for their accuracy at Amagasaki factory of the Mitsubishi Electric Company 
(MELCO). Very accurate force sensor for the actuator had also been successfully 
developed. 
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3. Telescope, mounting and tracking 

As shown in Fig. 3, the telescope tube adopts a simple truss structure, and the mounting 
is a stable alt-azimuth system. By using accurate hydrostatic bearings and direct 
driving system, the tracking accuracy of the telescope js designed to achieve 0.12 arc sec 
or better in the auto-guiding mode. The overall FWHM image size of the Subaru 
telescope is estimated as shown in the error budget below. 

Optics O.llarcsec 

Tracking 0.l2arcsec 

Local seeing 0-12arcsec 

Miscellaneous O.llarcsec 

Overall 0.23 arcsec 

Above error budget of the optics includes those of the secondary and tertiary mirrors. 
The local seeing will be discussed in the following section. 

The telescope has four focusing positions: Primary focus with F-number of 1.8, 
Cassegrain focus with F-numbers of 12 and 35, and two Nasmyth foci with F-numhers 
of 12 and 35, respectively. Each focusing position will be equipped with heat-pipes, 
helium gas lubes and data acquisition systems. The second mirrors and primary focus 
instruments will be changed by using a remote-controlled auto-changer system (Fig. 4). 



Figure 3. A compuler-drawn structure of Subaru lelcscopc. 



Subaru 


415 




Figure 4. A computer-drawn prime focus instrument aulo-changer of Subaru. 


4. Enclosure 

The enclosure of Subaru is a co-rotaling, air-flushing type with front, back and side 
ventilators, which will enable achieving the temperature equilibrium between the 
telescope and the air, and also between the room floor and the air, to suppress the 
artificial seeing effect to a very low level. The enclosure will be equipped with the front 
and top wind shields, which act as the light shields too. To realize as good performance 
of the inside air flow as possible, detailed three-dimensional calculations to simulate the 
hydrodynamic behavior have been made (Fig. 5). A similar technique was also used to 
design the air conditioning system in the enclosure to keep the daytime temperature of 
the telescope and room floor near to the predicted night temperature. The elevation of 
the ground level is 4139 m, and the dome height is designed to be 44 m. The telescope 
elevation axis will be put at the height of 24 m from GL, to avoid the turbulent surface 
air and dust. 


5. Construction on the Mauna Kea summit 

The start of summit construction of Subaru was celebrated by 150 participants from 
Hawaii, USA, and Japan on July 6, 1992. So far the works are going on schedule; the 
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Figure 5. A sample result of the hydrodynamic simulation of air-flow in Ihe Subaru enclosure. 


telescope pier is almost completed after the grading works for the dome and control 
building area and road, and the soil improvements by soil-cement method (Fig. 6). This 
year the construction of the lower fixed part of the enclosure will start. The whole 
enclosure and control building will be completed in 1995. 


6. Observing instruments of Subaru 

About 10 preliminary proposals were proposed for the first-phase Subaru instruments, 
which will be used for the test and early-phase observations (from 1998), as follows. 
Detailed design, developments and experiments of some of the prototype models have 
started this year. Larger and long-term instruments are also being considered in 
parallel. Collaboration and informal proposals with other countries both for first phase 
and long-term instruments are welcome. 


PROPOSED SUBARU INSTRUMENTS 

FOCAS (Faint Object Camera and Spectrograph) 
lye, Ohtani, Sasaki et al. 

Cassegrain, visual (-f IR), multipurpose for faint galaxies and other objects. 




Subaru 
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Figure 6. Construction of the teJescopje pier, enclosure, and control hujlding on Manna Kea summit 
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Cl AO (Coronagraph Imager with Adaptive Optics) 

Kaifu, Takami, Tamura et al. 

Cassegrain, aims 0.2" occulting disk and 0.1" imaging, K-band optimized. 

IRCS (IR Camera and Spectrograph) 

Tokunaga et al (UH-SUBARIJ collaboration) 

Cassegrain, 1-5 micron, cooled, high resolution imaging and spectroscopy. 
MIRS (Middle IR Spectrograph) 

Yamashita, Shibai, Onaka, Nishimura et al 
Cassegrain, 10 & 20 micron, imager & spectrometer. 

High Speed Mosaic IR Camera 
Ueno et al 

Cassegrain, sift-and-add mosaic array system with 12 K x 12 K PtSi pixels. Wide 
field. 

Mosaic CCD Camera 

Okamura, Sekiguchi et al. 

Prime focus, 30- 40 min. field of view with 8 K x 8 K CCD pixels. 

Fiber Optics Multi Object Spectrograph 
Karoji, Noumaru, et al 
Prime focus, 1000 or more objects. 

OHS (OH Suppression Spectrograph) 

Maihara et al (DH-SUBARU) 

Nasmyth, H & J bands, R = 5600. A prototype was completed. 

HDS (High Dispersion Spectrograph) 

Ando et al 

Nasmyth, visual -f near IR (uncooled), R = 100,000. 

To support the developments of instruments the Astronomical Engineering and 
Development Center has been established at NAO (Mitaka). A small-size (1.5-m) 
telescope and optical simulators for the test of instruments, machine shop, electronics 
and optical labs, and design center will be organized here. 


7. Long-term schedule 

The main schedule of Subaru construction is shown below. The total budget and schedule 
was almost defined. The final budgetary year of the Subaru project is 1999. We plan to 
get the first-light and to make test observations with the Cassegrain focus in 1998. 


1993 1994 

Complete 8.3-m mirror blank. 

1994 1996 

Mirror polishing. 


Hilo Facility completed. 


Complete enclosure. 

1997 

Telescope erection on Mauna Kea 

1998 

First light. 


Start test obvServations. 

2(KK) 

Start operation. 


The plan for high capacity (0.5 to 1 Gbps) network which connects the summit and the 
Hilo facility (Subaru headquarters, planned to be completed in 1997) via optical fibers 
is considered, and this will make the remote observations from Hilo (sea-level) possible. 
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Concept and Status of the ESO Very Large Telescope Project 

D. Enard European Southern Ohservatory. Karl-Schwarr.Hhild-Sfr. 2. D-l<5748 Oarchmg. 
Germany, 

Abstract. The ESO VLT was first presented in April 1984 and its 
construction decided in December 1987. The VLT program consists of an 
array of four telescopes of 8 m diameter capable of working independently 
or in a combined mode, in which case it provides the collecting power of 
a 16 m telescope. It foresees an interferometric mode where the telescope 
beams are phased. Smaller size auxiliary telescopes can also be used in 
this mode. 

This paper gives the present status of the construction of the 8 m unit 
telescopes. 

Key words: Telescope. 


1. Concept of unit telescopes 

Each 8 m 'unit telescope’ (UT) has an Alt-Azimuthal mount (Fig. 1) and is designed 
around an 8.2 m diameter monolithic, actively corrected, primary mirror with an f ratio 
of 1.8. All optical elements remain in place although their position may change 
according to the focal station selected (Fig. 2). Each UT has a Cassegrain, two 
symmetrical Nasmyth foci and a coude focus.located in the base of each telescope and 
from where the image is relayed to the combined focus. The optical combination is of 
the Ritchey-Chrelien type and is optimised for the Nasmyth focus. 

At the Cassegrain focus which i.s about 2.5 m closer to the secondary mirror than the 
Nasmyth focus there is after correction of about 26 microns of spherical aberration 
by the active primary mirror - some uncorrected coma w hich remains however 
acceptable for a field of less than about 15 areminutes. The aperture at the Nasmyth 
focus is F/15 and F/13.6 at the Cassegrain. The secondary mirror is 1.16 m diameter and 
is to be used as a servo mirror to correct small guiding errors as well as for chopping in 
the IR. As a consequence the pupil is set on the secondary mirror. For observation at 
the Cassegrain the tertiary mirror is moved into a vertical plane so that it does not 
obstruct the beam. 

The unvignetted field is 20 areminutes at the Nasmyth and 15 areminutes at the 
Cassegrain. The coude focus of each UT is obtained by inserting a small pick-up mirror 
before the Nasmyth focus. The Nasmyth focal plane is relayed by 2 elliptical and 2 flat 
mirrors to the coude focus. The field of view at ihe coude foci is 2 areminutes. 

The active optics must compensate for static or slow ly varying deformations such as 
manufacturing errors, thermal effects, remaining errors of the lateral support, as well as 
for random effects such as wand buffeting. The active axial support is also used to 
compensate the spherical aberration generated at the Cassegrain focus because of the 
shift of position with respect to the Nasmyth focus. 
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The bandwidth of the active optics loop is limited by ‘he need to integrate out the 
seeing which is not correlated between the centre of the field and the location of the 
reference star used for the wavefront sensing. Averaging of seeing will need integration 
time of a few seconds at least. Working at higher rates may induce some errors that will 
have to be balanced out with the advantage of correcting fast varying effects such as 
wind buffeting. The wavefront sensor is a CCD Shack-Hartmann sensor and will be 
integrated together with an imaging CCD used for field acquisition and auto-guiding. 
Both sensors will share (he same offset star. 


2. The primary mirrors 

The primary mirrors consist of glass ceramic thin meniscuses. Their thickness is 
175 mm and their mass about 23 tons. The first blank has been delivered on June 25th, 
1993 (Fig. 3) and the grinding and polishing started. The three other blanks of the VLT 
are at various stages of finish and will be delivered before 1995. 

The axial supporting of the primary mirror is ensured by a passive hydraulic 
whiffletree which consists of 150 supports distributed in three 120 degrees sectors. 
To each passive hydraulic support is attached an active force actuator which 
allows to modify the distribution of actual forces on the 150 support points. The 
supports are connected to the mirror through 3 legs pads which compensate partially 
the local sag between support points. The residual RMS wavefront error is about 
15nm (Fig. 4). 

The frequency of correction of the active forces is essentially determined by the 
possible need to correct for wind buffeting. Several schemes to measure in real time the 
mirror deformation are being analysed. 
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FI60 

Figure 2. Optics lay out of the VLT Unit Telescopes. 

The lateral supporting system consists of 64 supports located only at the outer edge 
of the mirror. The distribution has been determined so as not to introduce a deforma¬ 
tion of the surface. Only inaccuracies on the exact location and values of the forces will 
have to be corrected with the active axial support. Lateral forces are distributed into 
4 pushing or pulling sectors and are inclined with respect to both the plane of the mirror 
defined as the plane passing by the mid-edge, and the vertical symmetry plane. The axial 
components of the lateral forces are determined to balance the moments with respect to the 
centre of mass and all lateral forces are tangent to the average mirror surface and 
inclined with respect to the mirror plane. Each support consists of an oil pad. The 
pulling and pushing set of pads corresponding to each half of the mirror are hydrauli¬ 
cally connected and generate two virtual fixed points. The mirror lateral position can 
be adjusted by controlling the volume of oil in each of the two hydraulic circuits. 

The coating of the primary mirrors will be done outside the telescope in a special¬ 
ised facility. The process selected for the aluminization is sputtering which allows to 
significantly decrease the dimension of the coaling chamber. 
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Figure 4. Principle of axial supports of the active primary mirror. 


3. Secondary mirrors 

The secondary mirror has five degrees of freedom. It can move along the 3 main axes 
to ensure focusing and collimation and can be tilted around its vertex in any direction. 
The tilt function can be used for two diflerent operating modes; chopping and 
rapid guiding. Chopping is essentially used for IR observing at wavelength above 
5 microns. The chopping frequencies are 0.1 to 5 Hz and the maximum amplitude 30 
arcseconds. 

Rapid guiding consists of correcting high frequency guiding errors originating from 
the limited bandwidth of the control system and from wind bulTeling on the telescope 
structure. Atmospheric image motion can also be corrected if the instrument can 
generate the error signal at the appropriate sampling frequency. 

In order to achieve the dynamic performance required for the chopping and rapid 
guiding modes, the secondary mirrors are lightweighted. The technologies envisaged 
are Silicon Carbide and Beryllium. Feasibility studies have shown that the mass of 
a 1.2 m mirror made of SiC or Beryliium will not exceed 25 kg. 


4. The coud^ foci and beam combination 

Each unit telescope has a coude focus fed by two symmetric coud6 optical trains that 
are essentially relay optics. Each coude tram consists of a pick-up mirror located before 
the Nasmyth focus, 2 relay elliptical miirors and two flats (big. 2). The optical design 
has been optimised m order to limit polarisation effects and to have an image of the 
pupil of adequate dimension located on a flat mirror. This flat mirror will effectively be 
a deformable mirror, part of an adaptive optics system to be used lor high spatial 
resolution imaging at the coude focus. The two beams are optimised for different 

spectral ranges. , 

Adaptive optics can only work over a small field of view and requires at least 

one intermediate pupil image where to locate the deformable mirror. This implies 
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a relatively complex optical system. This is the reason why it is only foreseen at the 
coude focus since there is no p)enalty because the number of mirrors one would have at 
the Nasmyth of Cassegrain would be roughly the same. The Adaptive Optics system of 
the VLT is foreseen to provide quasi diffraction limited images at 2.2 microns. It will 
have about 256 correcting elements. Two wavefront sensors can be used, one in the 
visible, the other one in the near IR depending on the nature of the observed object or of 
the reference star. 


5. The mechanical structures 

The detailed design of the mechanical structures is completed and the manufacturing 
has begun. Each structure is a framework optimised for maximum stiffness. The lowest 
eigenfrequency is close to 10 Hz. The drive locked rotor frequency is 8 Hz and the 
moving mass about 260 tons. The top ring is placed lower than the secondary mirror 
which provides a better stability along the optical axis and lower wind loads. A plat¬ 
form attached to the fork covers the two tracks and provides a safe and easy access to 
the Cassegrain area. 

The azimuth and elevation bearings are hydrostatic. The azimuth bearing consists of 
two separate tracks of 9 and 18 m diameter. The encoder, drive and radial bearing are 
located at the inner track. 

The drives consist of directly coupled torque motors which do not introduce any 
friction or backlash and allow a high resonance frequency and control bandwidth. 

The elevation drive consists of two motors of 2.4 m diameter on each side of the 
elevation axis. The azimuth motors have a diameter of about 9.5 m. 

The encoders are based on a novel principle, the LDDM (Laser Doppler Displace¬ 
ment Meter). Each encoder consists of a double beam laser interferometer which 
essentially converts an angular displacement of a reference mirror located on the 
structure into a variation of pathlength between the two interferometer beams. The 
differential sensitivity of this system is about 1.2 nm which for a distance between the 
two beams of 25 mm gives an angular sensitivity of 0.01 arcsec. A number of flat mirrors 
are disposed on the structure in order to cover the necessary range (90 degrees for 
elevation and 360 degrees for azimuth). 


6. The telescope enclosures 

T wo types of enclosure have been considered for the VLT. The first type called the 
inflatable dome has been pursued for several years and a 15 m diameter demonstration 
model has been built and erected at La Silla Observatory in 1988. This model has 
demonstrated the validity of the concept in particular with respect to the resistance of 
wind loads. The second solution was a more conventional steel dome designed for 
maximum controlled natural ventilation. The steel dome has been finally selected 
because of the lower risk involved in its construction and of a better control of the wind 
on the primary mirror. The selected enclosure has a cylindrical geometry (Fig. 1). The 
rotating part has two doors and a permeable wind screen which can be raised when the 
wind faces the opening. At the rear of the cylinder a number of openings allow control 
of the flow inside the enclosure. 
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The site selected for the VLT is Cerro Parana) at about 2650 m elevation. It is located at 
about 10 km from the Pacific ocean but well above a very stable inversion layer which 
maintains the clouds at a lower elevation. Meteorologic and atmospheric seeing 
parameters have been regularly recorded at Cerro Paranal since 1985. The seeing 
measurements at both sites are recorded with seeing monitors based on differential 
image motion. Very low seeing values down to 0.25 arcsecond have been measured for 
short periods, values below 0.5 arcsecond are not uncommon. Paranal is superior to 
any other identified site for the number of clear nights and low humidity. The civil 
works have already begun at Paranal. A platform of about 150 x 200m has been 
created and excavations for the four 8 m telescopes completed. Effective construction 
will start at the beginning of 1994. 
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The Giant Metrewave Radio Telescope 

S. Ananthakrishnan National Centre for Radio Astrophysics, Tata Institute of Fundamen- 
tal Research, Poona University Campus, Pune 411 007, India. 

Abstract. The Giant Metrewave Radio Telescope (GMRT), which will be 
the most sensitive radio telescope facility in the world in the 30 1500 MHz 
frequency range, is at an advanced stage of construction 80 kms north of the 
city of Pune in India. GMRT will consist of 30 fully steerable parabolic 
dishes, of 45 m diameter each. Twelve antennas form a random array in 
a central 1 km x 1 km area and the remaining 18 are equally distributed 
along the 3 arms of an approximate ‘Y’ configuration resulting in a maxi¬ 
mum baseline separation of about 25 km. GM RT will initially operate at six 
frequency bands around 50, 150, 233, 327, 610, and 1420 MHz. 

Low noise amplifiers are fitted at the back of each feed near the focus to 
keep the sensitivity high. Analog wideband optical fibre links connect all 
the antennas, for distributing local oscillator, intermediate frequency, 
telemetry and voice communication signals. An ‘FX' correlator system will 
provide a total of 238,080 complex channels including 256 spectral channels 
for each of the 435 baselines and the self correlation products. 

Key words: GMRT electronics- system parameters. 


1. Introduction 

The basic aim was to build a very sensitive aperture synthesis radio telescope in the 
decimeter and metre wavelength range that will be complimentary to both Arecibo and 
VLA telescopes for investigating many outstanding problems in astrophysics. The 
advantages in building large antennas at low frequencies are that (i) they can be made at 
lower cost, due to the lower surface accuracy requirement, (ii) electronics is relatively 
inexpensive and (iii) moderate resolution is sufficient for many astrophysical problems 
that are best studied at longer wavelengths because the emission comes from diffuse 
extended regions. However, there arc some disadvantages; (i) sky back ground noise is 
higher, (ii) man made interference is higher and (iii) the distortion of radiowaves due to 
the ionosphere increases with wavelength. India has the advantage that man made 
noise is relatively quite low as yet; the absence of snow in most parts of India also helps 
in the design of lighter antenna structures as the wind forces can be reduced by using 
mesh surfaces. Further, the experience of the TIFR group in constructing and operating 
the Ooty Radio Telescope and the Ooty Synthesis Radio Telescope at 327 MHz during 
the 1965 1985 period was extremely valuable in the GMRT design. Lastly, the 
development of self calibration techniques now allows almost complete elimination of 
ionospheric distortions. 

In the original proposal (Swarup 1984), 34 parabolic cylinders, similar in design to 
the Ooty radio telescope, but with dual polarization, were to be built with a total 
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effective area of 70,000for operating upto 600 MHz. Considering the many 
advantages of parabolic dishes and a break-through in the design of low-cost dishes 
for metrcwavelengths, the proposal was revised in 1985 to replace the cylinders with 
dishes of 45 m diameter. The 30 dishes enable an effective area of ~30,0(K)m^ to 
be obtained, which is comparable to that of the Arecibo facility. The reduction 
in collecting area compared to the original proposal is however compensated for, by 
the reduced system temperatures and cross polarizations, wider bandwidth, frequency 
and sky coverage obtainable and by the greater versatility of the facility. In the final 
design, operation at six frequency bands at 50, 150, 233, 327, 610 and 1420 MHz has 
been provided for. 



Figure 1. Location and contiguration of the GMRT array. The existing rural roads have been 
advantageously used in placing the antennas. 
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2. Array configuration and 45 m dishes 
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Figure 1 shows the localion and configuration of the array, in which 12 antennas form 
a random cluster in a central 1 km x 1 km area and the remaining IS antennas are 
distributed equally in the 3 arms of a "Y’ configuration with a maximum baseline 
separation of 25 km. As is well known from the Very Large Array (VLA) experience, the 
A" configuration gives a good u-v coverage at both high and low declinations. The 
compact array, which is comparable to the VLA C-D configurations but with larger 
collecting area, has been designed to provide sensitivity to large extended sources. The 
‘Y’ array antennas provide angular resolutions of about 2 arcsec and 20 arcsec at 1420 
and 150 MHz respectively. Thus the hybrid configuration of GMRT gives good u-v 
coverage and sensitivity for both compact and extended sources (Swarup ef al. 1991). 

The new design concept used in the GMRT dishes is called SMART an acronym 
for Stretched Mesh Attached to Rope Trusses (Fig. 2). The conventional (heavy) 
backup structure is replaced by a scries of 4 mm and 2 mm diameter stainless steel (SS) 


REFLECTING SURFACE MESH 




turn buckles 


SECTION 2-2\ —circumferential rope trusses 



Figure 2. The SMART concept (Swarup 1990). 
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wire rope trusses stretched between 16 parabolic frames made of tubular steel. The 
ropes are tensioned to form 360 plain facets over which mesh panels made of 0.55 mm 
diameter SS wires are stretched. 1200 turnbuckles are used in each dish for tensioning 
and shaping the facets. The mesh size varies from 10 mm x 10 mm near the central part 
of the dish to 20 mm x 20 mm near the outer edges. 

The low solidity of the mesh surface (~ 7%) greatly reduces the wind forces on the 
antenna. The total tonnage of the 45 m dish is thus only ^ SO tonnes, in contrast to 
~ 250 tonnes for a conventional 25 m dish. A counter-torque servo system using a pair 
of 5 KVA DC servo motors connected to azimuth and elevation axes is able to slew the 
dish at speeds upto 30 /mm in azimuth and 20 /min in elevation at wind speeds of upto 
80kmph. The dishes are designed for survival upto I33kmph. At low winds, the 
pointing accuracy is better than 1 aremin rms. More details about the dishes are given 
in Swarup (1990) and Swamp ct al. (1991). Some of the erected GMRT antennas are 
shown in Fig. 3. 


3. Electronics system 

A simplified block diagram of the receiver system is shown in Fig. 4. All the six 
frequencies have dual polarized feeds (Sankar cr al. 1995, this issue) al the prime focus ol 
the antenna mounted on a rotating turret (Fig. 5) which is controlled by a D C servo 





Figure 3. GMRT dishes in the ‘central square’ at Khodad. 




Block diagram of GMRT Receiver system 
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Towards vertex 
, of 45m dish 


Figure 5. Conliguration of feeds on Ihe rotating turret al prime focus. 


motor and encoder for precise positioning of the feeds. While the five lower frequency 

feeds and front-ends are being made by NCRA at Pune, the 1420 MHz system is bt'ing 

built by the Raman Research Institute at Bangalore. 

Features of the receiver system include: 

■ Simultaneous observation at two frequencies (i.e., 2 frequency, 1 polarization or 
vice-versa). 

■ Low-noise uncooled RF amplifiers (A. Praveen Kumar et al. 1994, this issue). 

■ Phase switching using Walsh functions to minimize coupling between antenna 
electronics. 

■ A flexible Local Oscillator System (Venkatasubramani et al. 1994, this issue). 

■ Low-loss analog fibre optic link between the Central Electronics Building and the 
antennas (Sivaraj et aJ. 1994, this issue). 
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■ Maximum IF bandwidth of 32 MHz. 

■ SAW filters at 70 MHz IF for good rejection of out-of-band interference signals. 

■ The 32 MHz IF signals down converted to two baseband signals of 16 MHz each. 

■ Video filters from 62.5 KHz to 16 MHz in binary steps. 

■ Frequency and time referencing using crystal oscillators, GPS and Rubidium 
standards. 

The contr ol and monitor system positions the 30 antennas with full steerability over 
±270 in azimuth and 3 15 to +110 in elevation; sets the various receiver 
parameters such as frequency, bandwidth and noise calibration steps and monitors the 
health of the .systems. It further provides voice communication between the central 
computer and the antennas (Balasubrarnanian et al. 1994, this issue). 

The receiver backend includes: 

■ An F x type correlator that uses 1650 high speed FFT/inuliiplicr chips developed by 
National Radio Astronomy Observatory (NR AO), USA for the Very Long Baseline 
Array (VLBA). 

■ A 256 spectral channel cross correlator for ‘he 30 antennas giving (30 x 31/2) x 
256 X 2 pol. ~ 2,3K,080 correlated outputs including self correlation products. Each 
of the complex outputs can be averaged over integration times selectable from 0.04s 
tt) 10s (Subrahnianya et al. 1994, this issue). The special purpose hardware for 
GMRT includes a phased array mode for Pulsars, VLBl, IPS and Lunar Occultation 
observations A pulsar search machine is being designed in collaboration with the 
Raman Research Institute. An S2 recorder system, specially developed for the space 
antenna Radioastron by the C anadian scientists, will be used for both VLBI and 
Pulsar observations 


4. uScienlific .studies 

CjMRT will be a very versatile instrument capable of investigating a variety of 

astro physical objects and phenomena. These include; 

■ Continuum studies of the Solar System, Hll regions, planetary nebulae, SNRs, 
Radio stars, Pulsars, metre wavelength variability, mapping of extragalactic radio 
sources and cosmological investigations. 

■ Spectral line studies involving neutral hydrogen surveys, search for protoclusters, 
deuterium line and recombination lines. 

■ VLBI observations with Ooty and other radio telescopes for pulsar parallaxes and 
other high resolution studies. 


5. System parameters 

The aperture efficiency of CiMRT dishes would be about 65% at frequencies between 
150 and 610 MHz and about 40 45% at 50 and 1420 MHz. Table 1 gives the estimated 
values of total system temperatures at various frequencies and the resulting rms 
thermal noise in//Jy (1 Jy — 10 "‘’Wm "Hz ^). 
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Table L GMRT system paranietcM.' 
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Figure 6. RFI survey at ihc GMRT site (Swarup & Vcnkalasubramani 1991). 
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A comparison of the cflcctivc areas and resolutions provided by VLA, Arecibo and 
GMRT facilities shows that GMRT should provide as high a sensitivity as the partially 
steerable Arecibo dish in the 150 6(X3 MH/ range of frequencies, while it has angular 
resolution comparable to the fully steerable VLA in its mid frequency range. The radio 
interference levels at the GM RT site are however expected to be - 1O*' limes lower than 
at VLA in the metre wavelength range (Fig. 6). This should make GMRT an 
outstanding radio astronomical facility at metre wavelengths. 
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New Nobeyama Radioheliograph 
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^Department of Astronomy, School of Science, The University of Tokyo. Bunkyo-ku, Tokyo 113, 
Japan. 

Abstract. The New Nobeyama Radioheliograph at 17 GHz, dedicated to 
solar observations, was constructed and started daily routine observations 
in late June, 1992 It consists of eightyTour 80-cm antennas arranged in 
T-array extending 490m in east-west and 220 m in north-south. It provides 
us with both circular polarization images of the full disk with a spatial 
resolution of lOarcsec and the minimum temporal resolution of 50 ms. An 
image quality better than 20 dB is attained by excellent performance in 
hardware and software. 

Hundreds of flares have been observed so far with the Nobeyama 
radioheliograph. Some initial new results are presented. 

Key words'. Microwave interferometer sun—solar flare. 

1. Introduction 

A new radioheliograph at 17 GHz, dedicated to solar observations, started routine 
observations in June 1992. This radioheliograph provides us with high spatial and 
temporal resolution images of the whole Sun with high image quality. 

In this paper, we briefly introduce this new radioheliograph and some initial new results 
from it. Details of this instrument are desenbed in a separate paper (Nakajima et al. 1993a). 

2. Outline of the Nobeyama Radioheliograph 

2.1 Major characteristics 

Major characteristics of the Nobeyama radioheliograph are as follows: 

(a) The radioheliograph operates at 17 GHz (simultaneously at both 17 and 34 GHz 
in near future). The receiver bandwidth is 33.6 MHz. (b) Both circular polarization 
components are measured w ith accuracy better than 1 %. (c) The field of view of 40' arc, 
which covers the whole Sun to catch flares whenever those occur, (d) The spatial 
resolution is about 10" arc. The temporal resolution is usually I s and 50 ms for selected 

’Passed away in March, 1991. 
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events, (e) The dynamic range of images is about 25 dB for snapshots (Koshiishi et al, 
\ 993). This high dynamic range is crucial to reveal the whole structure of flares, (f) The 
observing period is 4 hours per day before and after the local meridian time (about 
0245 LIT), (g) The sensitivity of the radioheliograph is very high. The minimum 
detectable flux density and brightness temperature in rms are 4.4 x 10 ^sfu and 
1300 K, respectively, for 1 s snapshots of the Sun. 

2.2 Antenna configuration 

The array configuration of the Nobeyama radioheliograph is a multiply-cqually- 
spaced T-array, extending 488.96 m in the east-west and 220.06 m in the north-south, as 
shown in Fig. 1. Eighty-four parabolic antennas arc arranged with increasing antenna 
spacings of d (the fundamental), 2d, 4d, 8d, 16d from the center of the T-array, where d is 
chosen to be 1.528 m corresponding to the field of view of about 40'. 7'his array 
configuration has a great advantage in image processing in that the F ET algorithm can 
be directly applied without gridding. 

Each parabolic antenna of 80-cm diameter is supported by an alt-azimuth mount 
driven by stepping motors, which are controlled from the observation building. 7'hc 
half-power beam w'idth of the element antenna is 87'. The overall antenna pointing 
accuracy is belter than ± 1.5'arc. 


2.3 Receiver 

The RE signal al 17 GHz is amplified by an uncooled ElEMT amplifier with an average 
noise temperature of 180 K, which is installed behind a circular polarization switch. 
The amplified signal is mixed with an 8 4GHz local signal and is down-converted to 
a single sideband IE signal al 2CK)MHz, tuning a harmonic mixer. The IF signal 
transmitted from the frontend box to the observation building is mixed with a 2(X) MHz 
local signal (second local signal) and is down-converted to a video signal with 
a bandwidth of 16.8 MEtz, using a double-sideband mixer. In the backend, complex 
correlations arc calculated for all antenna pairs of 3486 combinations of 84 antennas, 
using onc-bil correlators which can be assembled with simple digital logic and yield 
great stability to the backend. 

The receivers of the radiohcliograph are designed to keep the phase and gain stability 
in rms as good as less than 3 and 0.2 dB, respectively, and also phase and gain errors, 
especially correlator-base errors, as small as less than ± 1 and ± 1 %, respectively. 

In order to keep good phase stability, the 8.4GHz local signal is phase-locked to a 
reference signal of 525 MHz which is distributed through phase-stable optical fiber cables 
(temperature coefficient; 0.2ppmrC) from the observation building to each antenna. 

In order to stop the fringe, the phase rotator is inserted on the second local signal line 
of each antenna system. The pha.se is changed in steps of 0.36 with the overall accuracy 
le.ss than ± 0.6 \ The delay compensation is performed in the digital backend by a step 
of 1 ns with accuracy less than 1 ns. 

All data with 1 -s time resolution are stored in optical disks of 5 Gbytes. On the other 
hand, all 50-ms data are stored in a high-density MT of 20 Gbytes once every day, and 
after the end of daily observations, a small part of flare data are selected under some 
criterion to be stored in the optical disks. 
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Real-time images are synthesized every 10 s, and displayed on a monitor CRT as well 
as recorded on a video tape. 

2.4 Calibration and image restoration 

The multiply-equally-spaced T-array has many redundant antenna combinations, 
which provides a useful phase and gain calibration method using the Sun itself as 
a calibrator. After the phase and amplitude errors included in measured Fourier 
components are corrected, the radio image (the dirty map) of the whole Sun are 
synthesized by applying the inverse FFT. Then, a model disk component convolved 
with the dirty beam is extracted from the dirty map, and a CLEAN algorithm is applied 
to the remaining map. The restored image of the Sun is given by the combined map of 
the cleaned map and the model disk convolved with the clean beam. 


3. Initial results 

Hundreds of solar flares have been observed with the Nobeyama radioheliograph since 
late June 1992. Some pieces of information such as event lists and time profiles are 
publicized to outside users through ‘anonymous ftp' utility of the Unix operating 
system at IP address of 133.40.76.80. Various solar activities have been analysed and 



Figure 2. An eruptive prominence and formation of a flare arcade on July 31, 1992. This is 
a composite of three radio images above the solar disk, covering about 1.5 hours, and a negative 
disk image from Yohkoh/SXT at a later phase of the arcade formation. The flare arcade in soft 
X-ray forms below the eruptive prominence in radio. 
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Figure 3. Time evolution of a gradual flare observed with the Nobeyama radioheliograph on 
June 28, 1992. The field of view of the images is 315" x 315". 


initial new results are obtained (Enome et al 1993a, b; Hanaoka et ai 1993; Nakajima 
et ai 1993b; Nishio et al. 1993; Shibasaki et al. 1993; Takano et al 1993). Next, we 
present only two examples from these initial results. 

Figure 2 shows a composite of radioheliograph images at three different times above 
the disk and a Yohkoh/SXT image of the disk in negative form. The quiet prominence 
began to rise at about 2345 UT, and continued to ascend with a speed of about lOkm/s 
as clearly seen in the radio image in Fig. 2. After the onset of the prominence eruption, 
a weak thermal flare in the form of an arcade was observed below the eruptive 
prominence with the Yohkoh/SXT, as shown in the soft X-ray image of the disk in 
Fig. 3. These observations clearly show how the flare is triggered by the prominence 
eruption. Details of this event are given by Hanaoka et ai (1993). 

Figure 3 shows radio images at 17 GHz of a gradual flare which occurred on the east 
limb on June 28, 1992. In the beginning of the flare (0228:44 UT), a polarized compact 
source appeared just on the limb, corresponding to the impulsive emission. Slightly 
after that (0242:58 UT), an unpolarized component elongated upward from the 
polarized compact source with a speed of 170km/s, corresponding to the gradual 
emission. These observations suggest that the nonthermal emission from the polarized 
compact source and the thermal emission from the unpolarized elongated source are 
connected by a single loop, and that the upward motion of the microwave source is an 
indication of evaporation of the chromospheric matter heated by high-energy elec¬ 
trons. Details of this event are given by Nishio et ai (1993). 
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Abstracts 

Project GRACE - A New Ground-Based Facility for Gamma-Ray 
Astrophysics Cerenkov Experiments 

C. L. Bhat, R. Koul, R. C. Rannot, M. L. Sapru & A. K. Tickoo Bhuhhu 

Atomic Research C enirc. Nuclear Research Lahorah)ry. Tromhay. Bomhav 400085, India. 

A new observing facility (GRACE), based on the atmospheric Cerenkov technique, is 
being created for carrying out high-sensitivity investigations in the held of TeV and 
PeV y-ray astrophysics at Gurushikar (24.65 N, 72.7S E. ^ 17()()m a.s.l ). Situated 
close to Mt, Abu in Western India, Gurushikar can offer an average observing time of 
1150h per calendar year (Sapru ct al. 1993). The location of the place will allow 
carrying out concurrent investigations with other y>ray experiments at Ooty. Pach- 
marhi and Ticn-Shan and also multi-spectral band observations with the 1.2 m 
infra-red telescope at Gurushikar (Deshpande, these proceedings). 

Detailed studies of y-ray candidate objects in the TeV energy bracket (0.2-10 TeV) will 
be undertaken through the Cerenkov imaging y-ray telescope, TACTIC (Bhat et al. 1993). 
This generation-ll instrument involves 4 x 10 m" area alt-a/imuth-mounted optical reflec¬ 
tors which are suitably instrumented to provide a high-rejection factor ( > 99.9%) for the 
background cosmic ray event.s, leading to 5 (t flux sensitivity of -7x10'^^ photons 
cm "s ^ (1 CRAB) above 0.5TeV in ^ 1 hour of observations. Unlike other imaging 
systems, TACTIC will attempt to record images of on- and off-source Cerenkov events 
concurrently. Eor this piirpi^sc, one telescope unit will deploy a Cerenkov Light Imaging 
Camera, comprising 349 photomultiplier pixels covering an overall held of -- 7.2" x 7.2" 
with a pixel resolution of 0.36 x 0.36 . The other 3 telescope units, arranged in a tnangular 
conhguration around the Imaging Unit, will generate event triggers and also spectral and 
timing data of the recorded events. These data, alongwith the event image details, will be 
deployed for efficiently rejecting cosmic-ray background events and achieving the 
stipulated detection sensitivity factor Q -- 26. 

Another experiment. Mystique, is being set up to extend the range of these investiga¬ 
tions to the hitherto largely-unexplored, albeit promising, energy bracket of 
lOTeV - 0.1 PeV (Bhat et al. 1991). Here, an array of upto 1(X) wide-angle, large-area 
Cerenkov light detectors will be spread over a physical area of 0.25 km". The arrival of 
the conical Cerenkov wavefront will be limed to reconstruct the event arrival direction 
with an accuracy of --0.2 . This mode of operation will substantially augment the 
detection sensitivity, apart from keeping the cost of the Mystique array significantly 
low. The project work, starting in 1992, is likely to be over b> 1997. 
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1.2 m Infra-red Telescope at Gurushikar 


M. R. Deshpande, Physical Research Laboratory, Navrunffpura, Ahmedahad 380 009, 
India. 


Near-Infra-red is one of the important windows of the electromagnetic spectrum for the 
study of relatively cool cellestial objects. Realising the importance of the IR studies, 
Physical Research Laboratory decided to build an IR Observatory. Accordingly a site 
was selected at Gurushikar, Mt. Abu, Rajasthan at an altitude of 5650 feel. Gurushikar 
is the highest peak between Himalayan Ranges and Nilgiri hills. Also Gurushikar offers 
large number of clear nights (about 200) with low precipitable water vapour (about 
3 mm) and easy accessibility. These features make Gurushikar a good site for an IR 
observatory. 

The telescope has an aperture of 1.2 m with three secondary mirrors, (i) r/13 
nonvibrating secondary (ii) f 45 vibrating secondary and an (iii) 1/45 coude secondary, 
for various applications. In addition, nodding provision for the primary mirror is 
also incorporated. Surface accuracy of all the mirrors is designed for the operation 
of the telescope in the optical region, so that the telescope can be used for optical 
as well as IR work. The observatory is expected to be commissioned by the end of 
March 1994. 

Considerable parallel efforts have gone in at PRL to build back end instruments. 
In the optical region a state-of-the-art photopolarimeter, a CCD camera, high 
resolution F-P Spectrometer, a high speed photometer etc. have already been 
commissioned and successful scientilk' programmes are going on. In the near IR we 
have a photometer, a CVF photometer, a fast photometer, an F P spectrometer. 
In the next year a ncar-lR FTS, a polarimeter and a CCD camera are likely to be 
operationaj. 

With the above host of instruments and the observatory we look forward for exciting 
scientific work in the field of astronomy & astrophysics. 

★ ★ ★ ★ ★ 

Lucifers: A Photoelectric Radial-Velocity Spectrometer at Mt John 
University Observatory 


J. B. Hearnshaw, L. C. Watson & D. M. Ward Mt John university Observatory. 
University of Canterbury, Christchurch, New Zealand. 


Lucifers is a fibre-fed echelle radial-velocity spectrometer operating on the 1-m 
telescope at Mt John University Observatory. It produces in real time the cross¬ 
correlation function of an oscillating mask (with 2447 transmitting slots based on the 
spectrum of y CenA (G2V) with a late type stellar spectrum. The instrument can 
measure the radial velocities of F, G, K and M stars with a precision of about 3(X)m/s. 
Some technical data are tabulated below: 
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Echelle Spectrograph 


Ruling 
Blaze angle 
Dispersion 
in order 

of nominal centre 


79 grooves/mm 
63 26' (arctan 2) 
1.75 A/mm 
46 

502.0 iim 


Mask 


Size 

Number of slots 
Wavelength range 
in orders 


67 X 20.3 mm 
2447 

398.1 577.3 nm 
40-58 


Oscillation 


Oscillation frequency 
Max. range in coarse mode 
Used range 

Corresp. velocity range 
Max. range in fine mode 
Used range 

Corresp. velocity range 


2.25 Hz 

6.818 ±0.001 mm 
5.932 ±0.001 mm 

603.2 ± C.l km/s 
893 ± 0.3 /xm 
779 ± 0.3 /xm 

79.2 ± 0.03 km/s 


Photomultiplier Tube 


Type 

Number of dynodes 
Maximum quantum efficiency at 
H.T. used 
Cooling method 
Operating temperature 


EMI 9924Abralkali(Cs,Sb) 
11 

4(X) nm 
1400 volts 

water-cooled F^eltier 
typically ~ - 13 C 


★ ★ ★ ★ ★ 


High Angular Resolution Imaging Using a Rotational Shear 
Interferometer 

J. K. Rajagopal & N. Udayashankar Raman Research InstHme. Bangalore 560()f<0. 
India. 


Achieving difTraction-limited imaging using ground based telescopes is an area of great 
interest in modern optical astronomy. Of the various techniques used towards this end, 
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pupil plane interferomelry is perhaps the one with maximum theoretical advantages. 
We have labncaied a Rotational Shear Interferometer (an instrument which uses the 
pupil plane technique) and have used it to observe bright stars, mainly at the 2 m 
telescope at the VBO, Kavalur. 

We present the details of fabrication and use of the instrument, along with preliminary 
results obtained. Analysis of the present data should yield resolutions significantly better 
than the limits imposed by atmospheric seeing. Proposed modifications to the instrument, 
including an adaptive’ til (-correcting mirror currently being developed, are also presented. 

★ ★ ★ ★ ★ 

Image Restoration by Blind Iterative Deconvolution: Results Obtained 
from V^BT 

S. K. Silha & P. Venkatcikrishnan Indum Insliluw oj Astrophvsii s. Banciiilurc 5()()(lJ4. 

Imlia. 


The blind iterative deconvolution technique was employed to deconvolve the atmos¬ 
pheric point spread function from specklegrams of two binaries, HR 51 3S and HR 5747 
obtained at the Cassegrain focus of the VBT. The residual noise in the deconvolved 
result is less than 5%. The position angle and separations of the binary cornpements 
were seen to be consistent witli results of the autocorrelation technique. 

if if if i( ir 

An Imaging Polarimeter for Astronomical Observations 

A. K. Sen &. S. N. I tindon Inlrr-l'nivcrsily Conn’ for Aslr(>iu>niy und Aslruphysics. 
Punt 4! I 007. hutui. 


The complexity of the strucime o( many astronomical objects (vi/. gala.xics, nebulae, 
cimiets etc.) is such that details of polarization frequently requires seeing limited 
resolution. A two channel imaging polarimeler has been described here which can 
provide seeing limited spatial resolution and highly accurate values of linear polariz¬ 
ation by minimising the harmful cfTecls of atmospheric variations. This can be achieved 
by using a Wollaston prism analyser to split a telescope image into two polarized 
components and simultaneously comparing them t(^ eliminate cfl'ect due to atmos¬ 
pheric scintillation. The introduction of a grid at the focal plane, prevents the 
overlapping of o and e images on the CCD plane, where the image is refocussed. In 
order to keep the orientauon of the two polarized components fixed in the instrument 
frame, the polarization vector of the' image is modulated by mechanically rotating a half 
wave plate and readings are taken for several positions of the half wave plate to derive 
the polarization. 

After building the polarimetei we plan to use it at the Cassegrain plane of the Vairiu 
Bappu 2.3 m telescope (f/13 beam) to carry out imaging polarimetry of extended 
aslronomicai objects. With 10 minutes exposure time for each frame, on the GHC/EEV 
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P8603A CCD chip, one should be able to measure polarization values with an 
uncertainty of 0.7 percent, for the Seyfert N1068 (w„ = 17.2 per square arc sec) when 
observed in V band. This uncertainty is mainly dominated by photon count statistics. 

if if it if ir 

Sheikh Tahir Astronomical Centre: The Birth of an Idea and Beyond 


M. Ilyas The Astronomy and Atmospheric Research Unit, University of Science Malaysia. 
Malaysia and Sheikh Tahir Astronomical Centre. Penang. 


The idea for the establishment of an astronomical research observatory in Penang was 
first presented in 1985. By early 1986, formal discussions were underway and by 1987 
the concept was transformed into a broader centre. In Junt 1988, the project had been 
accepted by the Slate Government and the Foundation Laying Ceremony was held 
during a regional conference. This was also reported in the lAU General Assembly 
Newspaper in Baltimore. Subsequently, the concept was further expanded to establish 
a broad research centre including atmospheric science as well but with certain priority 
areas. The construction of the first phase, consisting of a 3-storey building block 
(including a small guest house, exhibition i^rca and laboratories) was completed and 
officially launched in October 1991. Arrangements between the University and State 
Authorities for its long-term development and expansion were completed a year later in 
September 1992. The University of Science Malaysia was formally charged with the 
responsibility of its day to day administration and scientific development in collabor¬ 
ation with other State Agencies in October 1992. 

The infrastructure development is now in progress and by the end of 1993, the centre 
IS expected to be ready for observational work. To optimize the use of limited space at 
the Centre, the University has provided a spacious 2-storey building on the main 
campus housing support facilities and olfices of stall. The observatory, located about 
20 km on the western side of the Penang island hill range has road access and overlooks 
the Indian Ocean. A rather modest facility at present, it nevertheless offers a tremen¬ 
dous potential for the progress of astronomical science de^ elopment and education in 
this region. We hope that it will also be used by researchers from overseas and we look 
forward to their support and contribution to this small but important venture. 

★ ★ ★ ★ ★ 


The Mauritius Radio Telescope 


K. Golap, N. H. Issur & R. Somanah University of Mauritius, Reduit. Mauritius. 
R. G. Dodson, M. Modgekar, S. Sachdev & N. Udayashankar 

Research Institute. Hani/ahfre .^t)()()S(K India. 

Ch. V. Sastry Indian Institute of Astrophysics. Bangalore 560 034, India. 


The Mauritius Radio Telescope (Latitude - 20 ) is an aperture synthesis Instrument, 
with a 2 km long East West arm and a 1 km long North South arm. The E W arm has 
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1024 helices with an interelement spacing of 2 m. The 1024 helices are divided into 32 
groups, each having 32 helices. The groups are at 14 different heights. The maximum height 
difference being 35 m. The 1 km long N S arm will be synthesized by observations spread 
over 64 days using 16 trolleys, each mounted with four helices. A 1024 channel correlation 
receiver is used to correlate the E W arm outputs with the southern elements. 

A monofilar left-handed peripheral feed helix having 3 turns and a pitch angle of 13 
forms the basic element. Each helix has a primary beam of 60 and a collecting area of 
4 sq. metres at 150 MHz. These elements are mounted with a tilt angle of 20 to the local 
zenith so that the instrumental zenith is — 40'. 

In the E-W arm, 32 helices in each group are connected using a branched feeder 
system. To preserve the SNR, a low noise preamplifier with a high-pass filter is used at 
the junction of every four helices. 

In the N- S arm 4 helices on each trolley are also connected using a branched feeder 
system and the signal from each group is amplified using a low noise amplifier. Signals 
in all the 48 groups are heterodyned to 30 MHz and sent to the lab. The Local 
Oscillator (LO) required for heterodyning (Frq. = 180 MHz) is distributed along the 
array using low loss Heliax cable. 

The 30 MHz signals are further heterodyned with a LO of40 MHz to produce a find 
IF at 10 MHz. After further filtering, the signals pass through an AGC to optimize SNR 
in the two bit three level correlators. Four IF bandwidths 3, 1.5,0.75 and 0.15 MHz are 
selectable. The 10 MHz output of each receiver channel is sampled at a frequency of 
12 MHz, digitally delayed and then cross correlated. 

The 1024 channel correlation receiver (from Clark Lake Radio Observatory) com¬ 
prises of 64 correlator boards each having 16 cross-correlators plus a self-correlator. 
Multiplication and pre-intcgration arc performed by custom made asic chips devel¬ 
oped for VLA correlator system. To avoid overflow- of the accumulator, the counter is 
reset every 2^ ^^ clock periods after transferring the sum into a 12 bit shift register. T he 
sum is serially transferred into a microprocessor which accumulates it in 16 bit 
registers. 

The cturelator outputs from the 512 simultaneous interferometers are transferred to 
a PC via a Data Acquisition System (DAS) built around 80186 processor. The DAS 
controls the correlator and sets the integration lime in the PC before transferring data 
to a SUN work station for storage and further processing. 

The NS trolleys are moved along a 1 km rail track and correlations are to be 
recorded on 64 days. This results in 32 K complex visibilities per integration time. 
These are to be Fourier transformed to obtain an image of the sky with a resolution of 
4' X 4' (approximately) and a point source sensitivity of 100 mJy (Dec range: - 10 to 
— 70 , R. A range; 24 hours). 

The installation of the telescope has recently been completed. Observations to 
estimate the array efficiency, phase stability of the system and to study the ionospheric 
eflfects are in progress. 


★ ★ ★ ★ ★ 

Gauribidanur Radio Heliograph 

K. R. Subramanian, M. S. Sundara Rajan, R. Ramesh & Ch. V. Sastry 

Indian Institute of Astrophysics. Bangalore 560034, India. 
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A radio heliograph operating in the frequency range of 40 to 150MHz is being 
constructed at the Gauribidanur radio observatory. This heliograph will produce 
images of the solar corona at several frequencies in the range of 40 to 150 MHz for 
coronal studies. 

This heliograph located at Gauribidanur (Latitude 13"26T2"N and Longitude 
77 26'07"E) is a T’ shaped array with the long arm along the East West direction and 
the short arm along the South. The dimensions of the array are 1.3 km along the Fiast 
West direction and 0.45 km along the South direction. This array consists of 192 Log 
periodic dipoles, 128 in the L^ast West arm and 64 in the South arm. The Etast West arm 
is divided into 32 groups of 4 elements each. In a group the signal from each element is 
passed through a high pass filter and a broadband amplifier. The signal from 4 elements 
are combined using power combiners and RG8U cables. In the South arm 64 elements 
arc divided into 16 groups of 4 elements each. In a group the filtered, amplified and 
delay shifted signals from 4 elements are combined using power combiners and cables. 
The signal from 32 E^ast West groups and 16 South groups will be brought to the 
receiver building by open wire transmission lines. 

The RF" signal from each group is converted into an at 10.7 MHz after double 
mixing. The 32 outputs from the Last West arm and 16 outputs from the South arm will 
be correlated in a 1024 channel digital correlator system. Multifrequency operation is 
achieved by lime sharing with each frequency being sequentially observed for about 
1(K) milliseconds. This is achieved by time multiplexing the first local oscillator in the 
receiver system. 

This radioheliograph will have a resolution of 5' x 8' and produce 10 x 8 pixel image 
of the sun at 150 MHz. The field of view and angular resolution arc frequency 
dependent. The zenith angle coverage will be ± 45 degrees. It is planned to track the 
sun for about ±2 hours around the zenith everyday. The sensitivity is :^25Jy at 
150 MHz for 1 MHz bandwidth and 10 sec integration. 

All the log periodic dipoles in the East West and South arm are installed. In the East 
West array 8 group outputs arc brought to the receiver building by open wire 
transmission lines. One dimensional scans of the sun at 55 MF^z obtained using analog 
correlation receivers are being processed at present. 


★ ★ ★ ★ 

IPS Radio Telescopes at Thaltej and Rajkot 

Hari Om Vats, M. R. Deshpande. A. D. Bobra, K. S. Lali, N. S. Nirman 

& P. Venat Ph Ysicat Research Labortilory, AhmeJahad 380 00 '). India. 


Radio astronomers at PRL, AhmeJabad arc exploiting the phenomenon of interplan¬ 
etary scintillations for investigating (1) the density deviation and the scale sizes of the 
plasma irregularities m the interplanetary medium. (2) the solar wind velocity by 
comparing the spatial fluctuations of the pattern as it drifts across, (.^) the angular size of 
radio sources in the range 0.1 1 arcsec. and (4) the variation of radio fluxes. 

There are two large radio telescopes operating at 103 MHz at Thaltej (near Ah- 
medabad) and Rajkot. In fact there was one more at Surat and three telescopes were 
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operated simultaneously and gave some results on objective (2), but Surat telescope 
suffered many failures due to rain, local radio interference and security. This telescope 
had to be abandoned and PRL radio astronomers are planning for a better site for 
the third telescope. f:ach radio telescope consists of five sub-systems; Antenna arrays. 
Preamplifiers, Beamforming network. Receiver, and Data Acquisition System. The 
details of these are given in Vats & Deshpande (1993, BASI. 22 , 165). There are 64 
arrays in each radio telescope. The physical collecting area of the telescope is 5,()00m" 
and 20,0(X)m^ at Rajkot and ThalteJ respectively. Thaltej telescope initially had 
a collecting area of 5,000 m^ which was increased to 20,000 m^ in two phases. An 
individual array is laid along East- West and consists of full wave dipoles separated 
by half wavelength. The dipoles arc alternately transposed so that the signal from 
two dipoles add in phase. There are 16 and 64 dipoles in each array at Rajkot and 
Thaltej respectively. To increase the efficiency of the dipoles, there is a reflecting 
wire mesh at //4 distance below the dipoles. The telescopes are operated in the 
interferometric mode and their interferometric fringes arc placed in North South 
direction. Each telescope has two sets of 32 beams in the form of a fan with the phase 
centre separated by 32/. 

These telescopes have been used for the investigations of plasma tails of comets, 
solar, interplanetary medium and pulsars. The studies of pulsar 0950 + 08 indicated 
a unique burst phenomenon on July 29, 1992. The radio burst seems to be associated 
with an X-ray burst from the pulsars. Similarly study of plasma tail of the comets 
(Halley and Austin) provided for the first time the estimates of plasma density and scale 
size of the irregularities in the cometary tails. The solar wind measurements provide 
thal the coronal holes are the site for high speed plasma flow, whereas giant bipolar 
magnetic regions and neutral line structures emit plasma at low speed. There have been 
some attempts to investigate the interstellar scattering and the .scale size of the plasma 
irregularities in the interplanetary medium. 

★ ★ ★ ir ★ 

Prime Focus Feeds for GMRT Antennas 

G. Sankarasubramanian. G. Swarup, S. Ananthakrishnan, M. R. San- 
kararaman, S. Suresh Kumar & S. M. Izhak NdUoimi Ccntn‘ for RuiUo 

Astrophysics. 1IFR, Pune 4] J 0(F. India. 


Fhe chosen frequencies in the metre-wave band are six separate ones, centered at 50, 
150, 233, 327. 610 and 1420IVlEIz. All the feeds at these frequencies provide dual, 
circularly-polarized outputs. The various designs chosen to fulfil the ubjectives of the 
antenna are outlined. Performance characterisation of feeds for 150, 327, 233 
& 610 MHz are given. This includes principal plane patterns, cross-polar levels, SWR 
plots and bandwidth measurements. The feeds are mounted on the four faces of 
a rotating turret and the observing frequency is chosen by positioning the requisite feed 
at the prime focus. Estimates of aperture efficiencies of the various feeds are also 
provided. 


★ ★ ★ ★ ★ 
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Low Noise Multi-Frequency Front-Ends for the Giant Mctrewave Radio 
Telescope (GMRT) 


A. Praveen Kumar, A. C. Chiplunkar, S. Nayak & N. G. Sreedharan 

National Centre for Radio Astrophysics, llfR, Pune 411 007, India. 


The low-noise multi-frequency front end for the Giant Melrewave Radio Telescope 
consists of six two-channel low-noise receivers for the six operating bands at 50, 150, 
235, 327, 610 and 1420 MHz and a Common RF electronics system for band selection 
and further processing. Each receiver converts the two linear orthogonally polarised 
signals received by the antenna feeds to right-handed and left-handed circularly 
polarised signals (RHCP and LHC P) using low loss quadrature hybrids and amplifies 
them using low-noise GaAsFET amplifiers (LNA). These LNAs typically have noise 
temperatures of 30 Kelvin at room temperature. Phase switching is done after the 
amplification in order to minimise any cross-talk between the antenna electronics. The 
receivers can be calibrated at approximately 10%, 40% 100% or 4CK)% of the system 
noise temperature ( using switchable calibrated noise sources. The band selection 
scheme provides flexibility to observe dual circular polarisation at a single frequency 
band or single circular polarisation at two frequency bands simultaneously in some 
cases. The system also incorporates switchable attenuators for solar observations. The 
front-ends have a typical gain of 55 dB and a spurious-free dynamic range of 45 dB. 

★ ★ ★ ★ ir 

Local Oscillator, IF and Baseband Systems for the Giant Metrewave 
Radio Telescope (GMRT) 

T. L. Venkatasubramani, B, Ajithkumar, R. Somashekar, K. S. Saini 

& G. ChattOpadhyay National Centre for Radio Astrophysics. 1 II R, Pune 41 / 007. India. 


The features of the Local Oscillator (LO), Intermediate Frequency (IF) & Baseband 
(BB) systems of the Giant Metrewave Radio Telescope (GMRT) are described. These 
systems form part of the frequency agile receiver being built for the GMRT. 

The LO system employs phase locked loops (PLLs) & synchronous counters using 
Tulse Swallow’ techniques to generate phase-coherent LO signals at all antennas, 
referenced to a 5 MHz source with a typical RMS phase jitter of < 5 . Any differential 
phase variation due to path length changes are to be corrected by measuring the 
round-trip phase. 

The IF system uses the coherent LO signals thus generated, to convert the output of 
the front-end system in the VHF^ and LJHF band to a common IF^ band. The frequency 
agility of the LO, together with the high selectivity of the surface acoustic wave (SAW) 
filters used helps in taking care of the radio frequency interference. The dynamic range 
is better than 25 dB for a two-tone third order IMD specification of — 30dflc. The IF 
signals are brought to the Central Electronics Building (CEB) by an analog optical fibre 
link for further processing. 
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The baseband system at the CEB makes these l¥ signals compatible to the sampler in 
the correlator. Each of the IF signals is translated to two video bands, by Single 
Sideband (SSB) conversion techniques. The Baseband system offers a wide choice of 
video bandwidths, from 64 KHz to 16 MHz, in octave steps. 

★ ★ ★ ★ ★ 

Analog Optical Fibre Network for the Giant Metrewave Radio Telescope 

D. S. Sivaraj, M. R. Sankararaman & S. Sureshkumar National Centre for 
Radio Astrophysics. TIFR. Pune 411 007. India 


The GMRT receiver system at the Central building (CEB) and the remote antcnn;i sites 
are being linked by two way optical fibre cables, using analog communication scheme. 
In one direction the local oscillator and antenna control signals are transmitted from 
CEB to an antenna site; the intermediate frequency (IF) signals and the monitored 
information from the site arc sent to the CEB in the other direction. The intensity of 
a laser diode is modulated directly by the signals (analog modulation) and detected by 
PINFET receivers. Compared to the digital modulation schemes, analog transmission 
scheme simplifies electronics at remote antennas and requires less bandwidth. Each of 
the sites is connected by an independent pair of fibres. The requirements of the 
communication links for GMRT are: 


■ To enable synchronising and maintaining the phase of LO systems at each antenna 
location and down converting the received signals in range 3H 1420 MHz to two IF 
bands, corresponding to two polarisations. 

■ Transmitting the IF signals to the CEB for signal processing. 

■ Controlling and monitoring the antenna.s from the C EB. 

■ Establishing voice communication between the nodes. 


The specifications for the optical fibre communicatum system are: 


Channel bandwidth 
Linearity 

Signal to noise ratio 

■ Phase stability 

■ Phase error (rms) 

■ Reflections from connectors 


100 200 MHz. 

— 65 dBc at optical modulation depth of 3. 
30 dB m 1(K) MHz with 20 km of fibre. 

2 /km/ Cat 100 MHz. 

3 (1 KHz bandwidth). 

-60dB. 


★ ★ ★ ★ ★ 


Control and Monitor System for GMRT 

R. Bala-subramaniam, C. Asodekar & A. Ramakrishna Nu;/mo( rmn' /«» 

Radio Astrophysics, TIFR, f^une 411 007, India. 


The control and monitor system for the GMRT project caters to the following: 
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■ Controls and monitors the position of all the 30 antennas in azimuth and elevation. 

■ Sets and controls the receiver configuration like selection of frequency of observa¬ 
tion, selection of IF bandwidth, noise calibration etc. 

■ Monitors the health of various electronic systems. 

■ Provides digital voice communication between central electronics building and 
antennas. 

Advanced microcontroller based electronic systems have been developed for master 
and remote station systems. A Sun workstation located at the master station handles 
the positioning of all the antennas and the setting of various receiver parameters for 
carrying out any astronomical observations. 

The system uses noncoherent FSK techniques for data transmission over optical 
fibre links at 256 K baud rate in SDLC format with polynomial error detecting 
capabilities. This system provides a bit error probability of 10 

★ ★★★★ 

The Correlator System for the Giant Metrewave Radio Telescope 

C. R. Subrahmanya, A. Dutla, V. M. Tatke, U. S. Puranik, A. Dixit & 

S. Joardar Nati(>nal (. 'enlrc for Radio Astrophysics, fata Institute of I undamental Research, 
Pune 411 007, India. 

The Correlator System of the Giant Metrewave Radio Telescope (GMRT) employs the 
'FX' scheme for providing the cross power-spectra of signals from all antenna pairs. It 
handles a total of 120 analog signals (4 from each antenna) with a bandwidth of 1.6 MHz, 
which are digitised at 32 MHz., compensated for prOh-length differences between antennas, 
and routed to the f X system. The FX system consists of a set of 120 FFT engines each 
sustaining the continuous input samples at 32 MHz, followed by a multiplier-accumulator 
(MAC) system. The MAC performs self and cross-correlations for each spectral channel 
(maximum of 256) resulting from the FFT engines. It provides an equivalent of a total of 
238080 complex channels, with a typical time-resolution of 64 ms which could be 
enhanced to 8 ms for specific high time-resolution observations. The MAC section js 
followed by a long-term-accumulator (LTA) which reads the 238080 Complex numbers 
every 64 ms and provides user-selectable integration options before recording the data 
on 8 mm (Exabyte) tape recorders. A control system consisting of a set of microproces¬ 
sors and special hardware circuitry provides synchronisation between various subsec¬ 
tions of the correlator system. Provision also exists for self-test and diagnostic 
capabilities, as well as online monitoring of selected visibility channels. 

The delay system performs the operations relevant to Walsh switching and online 
system-temperature calibration using noise reference sources injected at the front-end. 
The FFT system performs the operations necessary for phasing of the antennas and 
also provides additional inputs to the GMRT Array combiner (part of the Pulsar 
Machine which is being built in collaboration with Raman Research Institute). It is also 
planned to provide support to VLBI using the S2-recorders. 

The correlator control and the functions related to online monitoring of visibilities 
will be performed using a SPARC-based single-board-computer (Sunle) which is 
networked to the online file-server. 


iririf'kir 
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Discussion Meeting on Astronomy in Antarctica 


R. D. Cannon Anglo Australian Observatory. Epping. NSW 2121, Australia. 
Key word. Antarctica—astronomical sites. 


As a consequence of their location, Australian astronomers are very interested in the 
development of astronomy in Antarctica. An energetic working group has been set up 
with eighteen members from eight different institutions. This group has generated 
a fairly detailed scientific case for doing astronomy in Antarctica; a report, edited by Dr 
Michael Burton at the Llniversity of New South Wales (UNSW), will be published soon 
in the Proceedings of the Astronomical Society of Australia. The basis of the case is the 
expectation that the central ice plateau may well provide the best sites on earth for 
doing astronomy, particularly at infrared and sub-millimetre wavelengths. The plateau 
reaches heights of over 4(X)0 m, with the atmospheric pressure equivalent to altitudes of 
5000 m elsewhere; it is extremely cold, averaging - 50 "C and going as low as — 90' C in 
winter; and the precipitable water vapour ranges from 0.4 mm down to 0.1mm. 
Furthermore, in contrast to the situation near the edges of the continent, the weather is 
very stable with low wind velocities averaging about 5 m/s. Combined with the 
negligible diurnal temperature change, this is expected to produce conditions of 
extraordinarily good seeing and led Peter Gillingham to suggest that Antarctica might 
also provide exceptional sites for optical astronomy. 

However, the primary interest in going to Antarctica is to make infrared and sub¬ 
millimetre observations. Other speakers here will elaborate on the case, but calculations 
show that a 2.5 m telescope in Antarctica will gain about a magnitude over the 3.9 m AAT 
in the near infrared and should be about as powerful as an 8 m telescope in Mauna Kea in 
the mid-infrared. For sub-millimetre work, Antarctica gives access to wavelengths and 
hence to molecular transitions which cannot be observed from anywhere else on earth. As 
a first step, a team of astronomers at UNSW is preparing some infrared site-testing 
equipment to be used at the South Pole base during 1994 The first of these will employ a 
near-infrared photometer, a modified version of a detector formerly used on the Anglo- 
Australian Telescope, to monitor the night sky brightness; this project is being done in 
collaboration with the CARA group at the University of Chicago, who plan eventually 
to establish an international observatory in Antarctica. The second experiment will be to 
make microthermal measurements, initially on a 30 m high mast and later with a tethered 
balloon, following the techniques developed by Jean Vernin in France. Both experiments 
are due to go to the South Pole in January and to run through the 1994 winter. 

My personal interest is particularly in optical work. Here loo Antarctica offers great 
promise. The key considerations in this case are the quality of the ‘seeing’ and the 
amount of cloud cover. Neither of these seems to be well-known at any inland Antarctic 
site so the first step should be to set up site testing equipment, preferably at the Russian 
base at Vostok since this is closest to the centre of the plateau, or at Dome C if that site is 
opened up. However, there are also some drawbacks which must not be ignored even if 
the conditions there are superb. The biggest is that although Antarctica offers very long 
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85' South 
1993 



Figure 1. 


nights and the prospect of continuous observing runs for 100 hours or more, there is not 
in fact a great deal of truly ‘dark' time, defined as being when the sun is more than 18 
below the horizon. For example, at ~ 85 ' there are only about half as many dark hours 
in a year as at — 30 ' and those hours are concentrated into just three months. Fig. 1, 
prepared by Steve Lee (AAO), shows the distribution of dark time throughout 1993, 
from January at the top to December at the bottom. The time of day runs from midday 
to midday across the plot, with midnight in the centre; the curved lines represent sunset, 
the end of evening twilight, the start of dawn and sunrise, while the dark bars indicate 
when the moon is also below the horizon. Of course, this problem affects only optical 
astronomy, not infrared work. A second hazard for optical work is the aurora, which is 
likely to affect all Antarctic sites to varying degree. F^inally, while Antarctica offers the 
possibility for long observ ing runs and year-round accessibility of targets, as a corollary 
it also provides only a limited view of the sky. From — 85 , only about a quarter of the 
celestial sphere can be seen at airmasses of less than two, whereas in the course of a year 
three-quarters of the sky can be seen from sites at around 30' latitude. 

My conclusion is that for infrared and sub-millimetre work, Antarctica may be so 
much better than anywhere else on earth as to become the major centre of the future, 
despite the obvious difficulties and costs of working at such an inhospitable and 
inaccessible site. It may also be the best place for certain types of optical observations, 
although it is not likely to supplant the best sites at intermediate latitudes since the 
gains are not so spectacular as at longer wavelengths and there are some losses. 
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Astronomy in Antarctica - India’s First Attempt 

G. S. D. Babu Indian Institute of Astrophysics, Bangalore 560034. India. 
Key words, Antarctica—Sun. 


1. Introduction 

During the early part of 1989, the astronomers in India and the Indian Government 
mutually agreed to include the programmes related to Astronomy for the first time in 
the on-going Indian Scientific Expeditions to Antarctica. However, since the polar 
night, as seen from the approximately 70''S latitude of the Indian station in Antarctica, 
is filled with a long spell of twilight, it was considered to be not-dark-enough for any 
long term observations of stars or for that matter, any other night time celestial objects. 
This resulted in turning the attention to solar programmes so that the polar day may be 
used more fruitfully. At this juncture, though an experiment related to helioseismology 
which needs the long term continuous and stable observations of the Sun, was thought 
of as the most appropriate one, the time available for its preparation turned out to be 
too short. So, a simpler programme involving the study of the lifetimes of the solar 
surface supergranulcs was taken up Further, this also ofTcred a chance for a first hand 
assessment of the site for astronomical observations. Thus started the first ever Indian 
venture of carrying out an astronomical experiment in Antarctica that was included in 
the IX Indian Scientific Expedition which sailed ofl'from India on 30 November 1989 
on board the ice-class ship MV/Thuleland and returned on 27 March 1990. 


2. Instrumentation and observational programme 

The choice of an uncommon programme that required the continuous 24-hour 
tracking of Sun demanded some special features in its instrumentation. The heliostat 
which was designed exclusively for the latitude (70 45' S) of the Indian permanent 
station Maitri, incorporated two 6-inch (15-cm) flats as the first and the second mirrors 
along with a 4~inch (10-cm) achromat lens of 10-ft (300-cm) focal length to form 
a 28 mm image of the sun on the blue sensitive fine grain Kodak SO-115 film of 35 mm 
format. The first mirror was mounted on a wheel which could rotate freely over full 360' 
in order to track the sun continuously for a complete 24 hour period. A Ca-K line 
daystar filter with a passband of 1.2 A was fitted just in front of the camera. It was 
carefully fabricated at the IIA workshops in such a way that it was totally manageable 
under the hostile weather conditions of Antarctica. The installation of the telescope, the 
maintenance and the upkeep of the instrument, the actual observations and all other 
related tasks were carried out by just the three astronomers on site Jagdev Singh and 
G. S. D. Babu of Indian Institute of Astrophysics and Wahabuddin of Uttar Pradesh 
State Observatory, who happen to be the very first Indian astronomers to have set foot 
on the icy continent of Antarctica. 
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Figure!. An example ol the Ca K line filtergram of the sun, taken on 8 January 1990 from the 
Indian permanent station Maitri in Antarctica using the llA made heliostal. The network 
pattern can be seen clearly alongwith other features associated with solar activity. 
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Each frame of the sun\s picture was carefully photographed after ascertaining that 
the image was properly centered onto the aperture of the filler and thereby on the film 
that was loaded in the camera having the date/time facility. Exposures of adequate 
timings were taken at intervals of 10 minutes over a period of about 100 hours that 
remained continuously clear during the second week of January 1990. Some photo¬ 
graphs were taken at very short intervals also for studying the evolution of flares. 

It is known that besides many other features, the convective flow in the solar atmosphere 
gives rise to supergranulation. This phenomenon was discovered in 1959 by Leighton and 
others at Mt. Wilson Observatory in the dopplcrgrams of the sun’s photospheric surface. 
The counterparts of these convective cells can be more easily observed in the chromo¬ 
spheric level, where they can be seen conspicuously in the monochromatic photographs of 
the sun, like the ones obtained in this programme. In these photographs, a network 
pattern can be seen all over the solar surface, which in turn bears a one-to-one 
correspondence with the supergranulation cells. Presently, these photographs are 
being analysed to study the temporal features of the convection cells in order to obtain 
their lifetimes. This is an important parameter in the evolution and decay of these cells 
for an understanding of their dynamics. In addition, the data acquired also contain 
enough material for studying the organisational processes of active regions on the sun. 

3. Sky conditions and other related aspi'cts 

During the period of observations, which was summer in Antarctica, the temperatures 
at the Indian station .Maitri ranged between — 5 C' and 30 C’. Only occasionally it 
crossed over into the -f vc side. But whenever the wind speed increased, the wind chill 
factor brought down the temperatures eflectively upto a very miserable " 40 C and 
below. However, as the acclimatisation to the low temperatures w^as fairly complete, the 
members of the expedition could easily work outdoors as hmg as the wind chill factor 
was not too bad. 

Bad weather in Antarctica generally means a blizzard, with heavy drifting of snow along 
with winds upto about 1(X) to 2(X) km 'hr spt^eds. Sometimes, the pre-blizzard period may be 
for about a week (^r st) during which lime the sky will remain mostly overcast. I'hcre are 
also times when a bli/yard sets on within one day of cloudiness, liach blizzard would last for 
a few days, sometimes extending upto a week. Then the sky slowly clears and the clear sky 
would continue for some days, I’his is almost cyciica). but not necessarily at regular 
intervals. But whenever there are no clouds, the transparency of the sky appears to be 
excellent. During the period of observations, the sun’s image w as generally very stable 
and on many occassions the sharp demarcation of the solar limb could be clearly seen. 

The moisture content in the Antarctic air is very less. It does not rain in Antarctica 
and the snow fall is minimal. With no other pollution in the atmosphere, the region is 
perhaps more suitable for infrared and millimeter wavelength observations. However, 
some specific programmes in the optical region like the location dependent events of 
eclipses, occultations and so on may be worth taking up. 


4. Conclu5iions 

The first ever attempt of conducting an astronomical experiment in Antarctica by the 
Indian astronomers was a part of the IX Indian Scientific L.xpedition during the 
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southern summer of 1989 90. The pioneering three Indian astronomers who were 
included in the expedition installed a heliostat at the Indian permanent station Maitri 
and with that instrument observed the sun continuously for about 100 hours in Ca-K 
line in order to study the evolution and lifetimes of the solar surface supergranules. 

The sky conditions in Antarctica are intermittently good for astronomical observa¬ 
tions, giving excellent transparency during the cloudless spells. The humidity is very 
low and there is no pollution in the atmosphere. The prevailing conditions appear to be 
more suitable for IR and mm wavelength observations. Some location dependent 
events like eclipses, occulta lions, etc. may be taken up in the optical region in addition 
to any short-term phase dependent programmes. 
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On the possibility of 200/nn Observations in Antarctica 

G. B. Sholomilskii Spuce Research Instilule, S4/32 Prvfsoyuznava Si. 117810, Moscow . 
Russia. 

Key words. Antarclica sub-millimetre astronomy 


It is a paradox that the large sub-millimeter telescopes of 10 lo 15 m diameter arc not 
very effective at the shortest wavelengths determined by their design and cost. The 
atmospheric water vapor blockage is strong even at the highest observatories; for 
example the winter transmission in 460 and 350 ^im windows at the 4350m site in 
Shoibulak. hasiern Pamirs during our observations there with the 0.7 m Pulkovo 
telescope amounted to betw'ecn 1 and 30% (Maslov et al. 1989; Sholomitskii & Maslov 
1993). This, with an additional deterioration due to the sky noise makes sub-millimeter 
astronomers to look for belter places on the Parth. namely in Antarctica (Siark 1990; 
Lynch 1991; Burova ei ul. 1986). 

Situated between the Dome A and Dome C (discussed as the candidate sites for 
AAO) 78 27 south latitude and 106 52' east longitude and 3488 m aititude is the 
Russian station Vostok. one of the most appropriate in Antarctica. Its general 
characteristics for 33 years are given in Table 1. Besides the very low temperatures the 
peculiarity of Vostok is a short 'warm' period in December January and a diurnal cold 
one in April October. During the day the temperature stability is very high; in 
winter w ithin 0.3 C per 6 hours between separate measurements as compared lo 7 C' 
in summer. 

The pressure is between P —618 mb in September and P = 635mb in January 
(instrumental and temperature corrections were applied). 

The stable w ind blow ing mainly from the south-west (70" o of the time) is about 5 m s. 
The variance during the day is about 1 m s. Both small and large values are rare (4%) 
and the probability for the wind lo surpass 15 m s is about 1%, 

The mean yearly precipitations are only 28 mm. most of them during the w inter. The 
prevailing forms are the ice needles (about 50%). The visual estimates of cloudiness 
show^ clear sky (0 20% of the sky area covered by clouds) for more than half the time. 
One more peculiarity is the presence of a soft haze connected with the inversion layer. 

The problem of aerological humidity measurements at low temperatures is well 
known to meteorologists. In Russia they use the intestinal film of animals and calibrate 
each sensor (Balagurov & Frid/on 1989). Though the uncertainty of humidity measure¬ 
ments at Vostok temperatures can amount to larger than 50%, we considered it uselul 
to extend our 5 years estimates of precipitablc water (Burova et ai. 1986) to the entire 
period of Vostok activity from 1958 and to calculate more accurately the anticipated 
water vapor transmission there. 

The amount of precipitablc water was obtained by integrating the radio sounding 
balloon measurements over the pressure down to 300 mb. The mean yearly value for 
more than 30 years (the period recommended by WMO as the most trustful) is 0.31 mm 
with the very small rms of 0.02 mm. About 20% belongs to the inversion layer. The 


461 



462 


(j. B. Sholomitskii 


Table 1. Climatic conditions at Voslok during 1958 1991. 


Value 



Summer 

Winter 

Mean temperature, t (C) 

-31.9 Dec. 

- 68.0 

Extreme monthly 

— 22.9 

- 80.9 

Extreme absolute 

- 13.3 Jan. 

-88.3 

Max mean change/6h 

- 7.0 Jan. 

0.3 July 


(19 01 GMT) 

(19 01 GMT) 

Pressure (mb) 

635 Dec. 

621 

Wind speed, m/s 

4.6 Jan. 

5.8 

Precipitation, rnm 

0.6 Dec 

3.8 June 

Cloudiness 

0.39 Jan. 

0.28 July 

Time of clear sky 

0.53 

0.62 


mean winter value for 7 months between April and October is 0.19 mm thus approach¬ 
ing the aircraft (7.5 km) value of 0.14mm measured by us in the middle northern 
latitudes (Gromov 1983). The minimal PW is 0.16 mm (August) while another ex¬ 
tremum IS 0.69mm (January) that is still less than in the best months at Pamirs 
(Sholomitskii et al. 1982; Kanaev et ai 1983). 

The sub-millimeter transmission of the water vapor is calculated for the average 
height profiles in January and July 1989 (this year was not atypical). The empirical 
correction for the difference in the window transmission from the theoretical one 
(Naumov & Zinicheva 1993) was not applied nor other atmospheric species other than 
WV were included. Both corrections may be unnecessary as our Pamir experience in 
350and 460 /nn windows (Sholomitskii ct al. 1982; Kanaev et ai 1983; Maslov ct al. 
1989; Sholomitskii et al. 1990; Sholomitskii & Maslov 1993) did not reveal any 
disagreement larger than about 30%. 

The anticipated transmission al Vostok in 350 and 460/mi windows can be 40% in 
the summer for the airmass M ^ 1 (20% for M = 2) and hence larger than that in winter 
time at E2astcrn Pamirs (Shorbulak site, 4350 m altitude). In winter the corresponding 
values are predicted to reach 80%» and 60%, respectively. Moreover the windows at 225 
and 200/im are expected to appear with M ^ 1 and 2 air mass transmissions of about 
35% and 10% respectively. 

The astroclimatic representation of the place will be incomplete however without 
knowledge of a sky noise. According to our observations with the small aperture (0.7 m) 
telescope at Eastern Pamirs, a sky noise correlated with the atmospheric absorption is 
present at an important quarter-degree scale (Sholomitskii &. Maslov 1993). The 
reason of this kind of noise is unclear but it can belong to a larger number of turbulent 
cells on the line of sight within the dryer atmosphere and may be expected also in 
Antarctica. 

An expected partial transmission of the atmosphere above Vostok at 200 /^m, though 
requiring confirmation, makes it a unique base allowing to approach the IRAS 100/tm 
band with ground based instrument observing young stars, proloplanetary nebulae, 
b Pic-like disks, protogalaxies, etc. in the immediate vicinity of their spectral maxima. 
The J ^ 13 12 rotational transition of CO at 200/tm and the fine structure line of Nil 
at 205 /iin fall into this window and can be observed with a moderate size telescope of 
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1 m class and an uncooled superheterodyne receiver. Redshifled lines can be oliserved, 
may be OI 63 jnm line of the prologalaxy F1014 4^ 4724 at r = 2.29 near 1207 //m, Bright 
hydrogen recombination lines of the solar chromosphere falling just into windows at 
460 and 350/im respectively are interesting for solar research. 

To avoid a lot of constraints for big instruments a two element interferometer w ith 
about 10 m baseline seems to be very promising for such a research extending the 
angular resolution of large submm telescopes to shorter wavelengths. The brightness 
temperature sensitivity of superheterodynes for 1 kin/s velocity resolution goes as 
1 (Moran et ai 1984) nearly compensating the rising mixer noise temperature and 
atmospheric losses. Besides superheterodyne receivers, the direct interferometer with 
the telescopes at rigid bench as a meridian or as a fully steerable instrument is ver> 
attractive. Then due to the equal atmospheric transparency in 460 and 350/im 
windows, only moderate variances of the resulting interference beam' at 25.8 cm are 
expected from the winter to summer time. 

The activity at Vostok will probably continue but because of the severely limited 
funding of scientific research in Russia, astronomical projects can only be realized by 
close international collaboration. I he optical system for a wide temperature range is 
under study by the State Optical Institute, St. Petersburg (Russia). 
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Regional Co-operation in Astronomy and Astrophysics 


The panel discussion on regional cooperation was chaired by J. V. Narlikar (India) and 
included R. D. Cannon (Australia), Y. Kozai (Japan), Li Qibin (China), Y Sobouti 
(Iran), H. S. Yun (Republic of Korea) and G. Swarup (India) as speakers. Ch. V. Sasiry 
from India also presented a brief account of the Indo-Mauritius joint project. The 
following is a brief account of the presentations made by speakers on the occasion. 


J. V. Narlikar 

The Asia-Pacific Region is less developed with regard to A & A infrastructure, 
manpower and interaction, compared to North America and Europe. Keeping in view^ 
the various constraints the following steps may help improve the situation. 

a) Facilities: Special efforts may be made to facilitate the usage of astronomical 
facilities in the Asia-Pacific region by the member countries. Where new' facilities, 
e.g. a large optical telescope, are planned serious thought may be given towards 
sharing the costs of a joint venture with the premium on a good site’. 

b) 1 raining schools and workshops: There is a good case for holding regular schools for 
research students of the region to bring them up-to-date in the latest developments 
in A & A. These schools might be sponsored by the lAU and could be held annually 
at different venues. There is also a case for small regional workshops to bring 
together workers in a specific topic. Such w orkshops will provide wider perspective 
to those working in isolation. 

c) Exchanges of academics: The I AH programme of exchange of astronomers could 
be specially focussed to encourage visits of active scientists from one country of the 
Asia-Pacific region to another. The adhering national organizations (to the lAU) 
could be approached to provide more avenues for such exchanges. 

★ ★ ★ ★ ★ 


R. D. Cannon 

An Australian perspcctii e 

a) The Asian-Pacific region: Defined by the lAU to include Africa and most of what 
used to be known in English as the Middle East, this is an exceedingly large and 
diverse region. A number of parameters affect the level at which each country can 
undertake astronomical research, particularly *'esearch which involves the use of 
expensive advanced instrumentation. These include the Gross Domestic Product, 
the total population, the per capita GDP and of course the level of interest in 
astronomy, as measured for example by the number of members of the IAU. Each of 
these parameters varies by more than two orders of magnitude between different 
countries in the region. There are also differences ir* culture and in the level of 
technological development which are harder to quaniisy The result is that a few 
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countries in the region, like Ind^a and v hina with their enormous populations, 
Australia with its high level of technological development and Japan which is both 
rich and populous, have e .vide Mriny of as'rv noii,ieai facilities. But many of the 
countries have neither the wealth nc.» the popu! Jti 'r. l o b lild or maintain large modern 
telescopes, or like South Korea har e onlyjns^ begun to do so, so it is essential to 
:,onsid''r < ^peraove projects. Given oui gv;ographical separation and cultural 
diver. I j'lig to be harder for us to work together than it was for the European 

•'ono JO ihey >el up ESO. Nevertheless there are some very encouraging 

,. . camp'e only yesterday a group of us got together lor informal discussions 

jt a cov ^dinaied site-testing programme for the whole region. 

b) / . . /7/iic/. in Ausfruia: Most of the observatories in Australia lie along an axis which 
is on average 200 km inland from the east coast and stretches from Narrabri in the 
north of New South Wales to Canberra some 550 km further south. The two main 
organisations for optical astronomy are the Mount Stromlo and Siding Spring 
Observatories of the Australian National University, which operates 2.3 m, 1.9 m 
and half a dozen smaller telescopes on two separate sites, and the Anglo-Australian 
Obsci »''ilory, funded equally by the two Governments, which operates the 3.9 m 
AA'T' oHci the 1.2m UK Schmidt Telescope on Siding Spring Mountain. The two 
principal groups for radio astronomy are the Australia Telescope Ued Facility 
of the CSIRO, which operates the six-element 6 km Compact An y u'ar Narrabri, 
the Parkes 210-foot antenna and a long baseline array combining both of these \^ith 
another 22 m arlenna near Siding Spring; and the Univcisily of Sydney which 
operates the Molonglo Observatory Synthesis Telescope near C'anberra Then ^ hcre 
are some special facilities, such as the Sydney University Stellar I’‘erfero neter 
(SUSI) near Narrabri and two gamma ray telescopes in South Australia, operated 
by the University of Adelaide and a Japanese group. 7'here arc also a number of 
smaller optical and radio observatories in the other stales, mostly run by university 
groups. 

Thus astronomy is particularly strongly developed in Australia, to a greater 
degree than many other sciences, for a mixture of historical, geographical and 
cultural reasons. We are well supported by the public, the media and politicians, 
which is just as well since astronomers do not generate a great deal of wealth directly 
so that we are almost totally dependent on public funding. 

c) Nt’n' facilities: Significant enhancements to some existing facilities are being devel¬ 
oped. The AAT has just acquired some remarkable new optics which gives it a good 
two-degree field of view at the prime focus, including full atmospheric dispersion 
compensation. This will be used with a new robotic fibre optic system allowing 
simultaneous spectroscopy of up to 4(X) objects, the whole assembly being designed 
for large scale cosmological redshifl surveys. Plans are well advanced to extend the 
ATNF radio telescope in two ways, by adding more antennas across Australia and 
by incorporating higher frequency receivers. 

Australian astronomers are also very involved in plans for new large optical 
telescopes. The situation is a bit similar to that in India, in that we have some quite 
good sites but none as good as the best in Chile or Hawaii. There is much discussion 
as to whether we should build a moderately large telescope in Australia or seek 
partners for a very large telescope at a superb site overseas. We are also actively 
looking at the possibilities of doing astronomy in Antarctica, especially in the 
infrared and sub-millimetre bands. 
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d) Possibilities for cooperation: It may sound boastful, but given the excellent facilities 
in Australia there is not a great deal to attract our astronomers to work in other 
countries in the region, with a couple of notable exceptions like the unique GMRT 
here and the Japanese 8.2 m telescope, Subaru. But there is a great deal of scope for 
collaborative research projects whereby visiting astronomers can come to Australia 
to observe with Australian colleagues. In some areas of astronomy our equipment is 
now so powerful, for example with large optical CCDs and multi-object fibre teeds, 
that we can collect enough data in a few nights to keep an astronomer busy for 
a year Thus we are becoming manpower limited and it would be to our mutual 
benefit to have astronomers from other countries spend time in Australia; the 
Australian astronomers would make faster progress and the visitors would become 
proficient in the latest observing and data reduction techniques. All we need is some 
source of funds to pay for the travel and living expenses of the visitors; fortunately 
there are quite a number of inter-governmental exchange agreements which we can 
and should exploit. 

We already hold quite a few educational meetings in Australia, for example the 
annual Winter School for new PhD students organised by the Astronomical Society 
of Australia. This is held in a dili'erent venue and based on different themes each 
year. There are also special wo: kshops from time to time on a variety of topics, both 
astronomical and instrumental. 1 realise that it can be difficult for students from 
some countries in the region to come to Australia, given the high cost of travel and of 
living in Australia, but again wc have to learn to exploit existing agreements as well 
as seek new sources of funds. 

In general I can say that Australians have recently become much more aware of 
their neighbours in Asia, although the ties back to Europe remain strong, and that 
there is a lot of Governmental encouragement for the development of closer links 
with countries in the Asian-Pacific region. We astronomers should take advantage 
of this; astronomy is a science w hich politicians like to support since it is interesting 
and relatively understandable, and it has no serious economic, environmental or 
strategic consequences. In the immediate future, we are very willing to welcome 
visitors to Australia, be they students, postdocs or senior astronomers on sabbati¬ 
cal. In the longer term I believe that there is a real possibility that we will be able to 
get together to establish new international facilities at a level which would be 
beyond the resources of any of us as individual nations. 

★ ★ ★ ★ ★ 


Y. Kozai 

a) Space and ground-based observing facilities in Japan: Projects for space astronomy 
are going on smoothly. In fact Yohkoh satellite for observing the sun by X-ray was 
launched in August 1992 and has detected several new phenomena already as Dr. 
Kosugi reported here. The 4th X-ray astronomy satellite, ASCA, was launched in 
February 1993 and when the operation started the supernova 1993J appeared and it 
could observe it in its early stage. 

For a future project it is scheduled to launch VSOP satellite in 1996 with on-board 
8 m radio telescope for VLBI observations together with world-w'ide ground-based 
telescopes. The analysis center for correlation computations of their observations 
will be in operation at the National Astronomical Observatory, Mitaka. 
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As you heard from Dr. Nakajima at this meeting the radio heliograph was 
completed at Nobeyama and has been operating since May, 1992. Now they use 
only 17 GHz, however, they are trying to add 34 GHz receivers to it. The observed 
data are available for international community by request. For the Nobeyama 
5 element interferometer one more 10 m dish has been added to increase its ability. 
At Mizusawa a 10 m radio telescope has been completed mainly for geodetic 
project and has participated in IRIS-P (earth rotation monitoring VLBl observa¬ 
tions in the Pacific area) network to determine parameters of the earth rotation. 
The Subaru project to construct an 8 m optical-infrared telescope with a single 
meniscus mirror at Mauna Kea, Hawaii is going on as you heard from Dr. Kaifu 
at this meeting. 

The Super-Kamiokande which will be ten times more powerful to detect neutrino 
flux from the sun and supernovae than the present one will be completed in 1996. 
A group to develop gravity wave detector was set up and is now trying to build 
a detector of 2 x 3(X) m length by using very sensitive laser interferometer technique. 
Even theoreticians are interested in making hardware devices and have constructed 
a device to compute reciprocal mutual distance which quite frequently appears in 
N-body problem and they have used the devices for many-body numerical simula¬ 
tion problems. 

Also smaller facilities such as the 60 cm sub-millimeter telescope Dr. Hasegawa 
explained here and the 4 m millimeter radio telescope of the Nagoya University have 
made very exciting contributions and are .seeking for gocxl sites in southern hemisphere. 

All the projects have been completed or in progress by international cooperations 
in every sense and are open for international participations. It is true also for any 
other facility which is not mentioned here. Already many astronomers have come to 
Japan to use the Nobeyama 45 m millimeter-wavelength telescope. Although no 
funds for their trips are available by a regulation for astronomers who come from 
abroad to UwSe such facilities, we will try to find some for those whose proposals are 
adopted by the program committees and who could not find any funds for their trips 
to Japan in their home institutes. 

b) International co-operations: Several international co-operation programs have been in 
progress and this summer 10 Korean and Chinese graduate students came to Japan 
to attend a summer school for astronomy organized by a group of Japanese 
graduate students. It is very good news for us, as it was the first attempt of this kind. 

Every two years astronomers in the field of star formation research hold meetings 
for Chinese including those coming from Taiwan, Japan and Korea. The meetings 
were held in China and Korea. As an outcome of the meetings, an idea of North 
East Asia Observatory came out and a group of astronomers will make site 
tests for it in western part of China in this fall. If they find a very good site they 
intend to bring small telescopes of infrared and/or submillimetcr of special design to 
make observations. 

International co-operation for astronomy is quite useful and hek/’.'l for Japanese 
astronomers on isolated islands where no good observing siics r t tvailabU Ak >. 
since 1 heard many of my colleagues complaining about shor. of scienl st; j 
t^'chnicians in their groups, we would appreciate it very muen if ..sUi.ronn iS oi 
to lapan from abroad to participate .r. various projects 


^ ★ V Ir 
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Li Qibin 

a) Collaboration: To promote the collaboration between the astronomers in Asian- 
Pacific region, Beijing Astronomical Observatory would like to offer two fellow¬ 
ships to the astronomers in our region. The objective of the program is to provide 
the opportunity for observational researches on solar activity, unstable stars, 
AGN’s and large scale structure of the universe with the solar magnetic field 
telescope and 2.16 m telescope. The duration of the fellowship is a period of 3 6 
months. 

b) Site testing group: Dr. Cowsik proposed to build an Asian Telescope and talked 
about the site testing for the scheduled telescope in a workshop yesterday. Recently, 
a group of astronomers from China, Japan and Korea proposed to build a North¬ 
east Asian Observatory and they will go to west China for site survey in the next 
month. In consideration of the common interest in the observation site testing, 
I suggest to establish a working group on site testing in A-P region for exchanging 
data, discussing the techniques and results and organizing joint survey. 

c) X-ray satellite: My colleague. Dr. Li Tipci and I have developed a concept on hard 
X-ray imager based on an image restoration method. As well known, Einstein 
Observatory and ROSAT have done the imaging observation in soft X-ray band. In 
the hard X-ray band, COMPTEL equippied on Compton GRO images the sky in 
the energy band higher than 7(X) KeV. Due to the difficulty in technology, a serious 
gap between 10 700 KeV remained poorly explored. My colleagues Drs. Li Tipei 
and Wu Mei have developed a method of image restoration with which X-ray 
.sources can be imaged by scanning of mechanical collimator. Based on this concept, 
we propose to construct a hard X-ray astronomical satellite. The Hard X-ray 
Imager consists of a 5 x 0.5 collimator and a 850 cm Nal -I- Csl detector working 
in 10-300KeV band with 10' resolution and 1' source location approaching. We 
propose the mi.ssion as a joint project APXAS-Asian-Pacific X-ray Astronomy 
Satellite and call for participation of the astronomers in our region. Please contact 
me if any one is interested in the details of the proposal. 

★ ★ ★ ★ ★ 


Y. Sobouti 

Astronomy in Iran - trends and prospects: There are of the order of 15 20 astronomers 
with research records and another 30 40 with substantial education in astronomy and 
astrophysics. Geographically, astronomical and astrophysical research is concen¬ 
trated, mainly, at Shiraz University, Sharif University of Tehran (cosmology and 
gamma-ray astronomy), Tabriz University, and Meshed University. The Institute for 
Advanced Studies in Basic Sciences of Zanjan is in its developing phase. Three of its 
founding members, however, are established astrophysicists and cosmologisls. There¬ 
fore, the Institute is expected to play a noticeable role in the promotion of astronomy in 
the country. 

Observational facilities consist of a 20" Cassegrain and a number of smaller 
tele.scopes and photometers at Biruni Observatory of Shiraz. One 16", one 24" 
Cassegrain and one small solar telescope at Tabriz University Observatory. Shaheed 
Bahonar University of Kerman is likely to take a leap and venture the building of 
an observatory with a sizeable telescope. There is a significant endowment from a 
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benefactor to be spent for the creation of an observatory. Moreover, Kerman is 
a wealthy province and Kermanis have shown to be supportive of their University and 
its projects. 

The B Sc. curriculum of physics in Iranian Universities includes astronomy and 
astrophysics on an optional basis. Ten physics departments offer such options. 
Astrophysics at M.Sc. level is also taught within physics departments. The research 
record of the astronomical community of Iran is best summarized by saying that of the 
order of 10-15 papers based on research work in Iran find their way to international 
Journals, and twice as much get published in Farsi language research journals. 

Since five years a very respectable monthly, called ‘Nojum\ meaning ‘astronomy’ is 
being published. It has a wide readership among university and high school students 
and teachers as well as the immense number of amateur astronomers. 

At present the Physical Society of Iran is the custodian of astronomy and astrophys¬ 
ics. It has a chapter and a committtee for astronomy within itself; sets up meetings, 
workshops and seasonal schools for astronomers, awards prizes to young astronomers, 
and takes other promotional measures. 

So far as the regional cooperation is concerned, there already exists a traditional 
exchange of knowhow between India and Iran. Many Indian scientists and technol¬ 
ogists of all walks of life have worked and are working in Iran. Many Iranian students 
have always been present in Indian universities. With a minimum amount of coordina¬ 
tion this road could be passed for astronomical collaboration between the two 
countries. 

★ ★★★★ 

G. Swarup 

Astronomy in India. During the last 25 years a number of facilities have been 
established in India for astronomical observations at ^ -rays, X-rays, optical, infrared 
and radio waves. Some of these facilities are briefly described below. India will welcome 
collaborative programmes with other observatories in the Asia-Pacilic region. 

a) Optical Astronomy: The Indian Institute of Astrophysics al Bangalore imported 
a 1 m Carl-Zeiss telescope in 1972 and a 2 3m aperture Vainu-Bappu telescope al 
Kavalur was built in India during 1980s. These are being used for a variety of 
programmes in galactic and extragalactic research. IIA also operates the well 
known Kodaikanal Observatory for solar research. IIA has been identified as 
a nodal agency for a 3.5 to 4 m optical telescope to be built over the next 5 7 years. 

A 1.2 m optical telescope at Japal Rangapur Observatory is used by the Osmania 
University for stellar observations. A 1 m Carl-Zeiss telescope is operated by the 
Uttar Pradesh State Observatory at Naini Tal for studies of eclipsing binaries, 
stellar spectra and active galaxies. UPSO has also several facilities for solar 
research. A 1.2 m Infra-red Telescope is being built in India for installation at Mount 
Abu by the Physical Research Laboratory, Ahmedabad. PRL also operates the 
Udaipur Solar Observatory having several facilities for solar research. The observ¬ 
atory is collaborating with the Cilobal Oscillation Network Group for studying 
solar oscillations. 

b) Radio Astronomy: A large 530 m x 30 m steerable radio telescope operating at 
327 MHz was set up in 1970 by the Tata Institute of Fundamental Research at 
Udhagamandalam (Ooty) in South India for obtaining arcsec resolution using the 
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method of lunar occultation. It has also been used for a variety of other studies. 
TIFR is now constructing a Giant Metrewave Radio Telescope consisting of 30 
numbers of 45 m dia dishes located over a region of about 25 km. When completed 
in 1995 it will become the world’s largest radio telescope in the frequency range of 
38- 1430 MHz. It has several outstanding astrophysical objectives. 

The Indian Institute of Astrophysics and the Raman Research Institute have built 
a Tee-shaped array (1.45 km EW and 0.45 km NS) for operation at 34.5 M Hz. A Tee 
array (2km EW and 1 km NS) is being built in Mauritius by RRI, IIA and the 
University of Mauritius for operation at 150MHz. RRI has also set up a 10.4m 
parabolic dish for observations at mm wavelengths, 
c) Space Astronomy. TIFR has an excellent facility at Hyderabad for launching 
balloon borne telescopes specially at X-ray and Infra-red wavelengths. TIFR is also 
collaborating with Russia for constructing a gamma-ray telescope (NATALYA II) 
for launch in 1994 and a 327 MHz receiver is being built for the RADASTRON 
VLBI mission. 

It is clear that there is considerable scope for many valuable collaborative 
programmes in the Asia-Pacific region. 

it if if if it 


H. S. Yun 

today in Korea: The formal introduction of modern astronomy to Korea 
dates back to 1957 when the Sputnik event look place. The exciting event has 
eventually led to the establishment of Department of Astronomy and Meteorology at 
Seoul National University in 1958. Ten years later Yonsei Universityjoined in to set up 
Department of Astronomy and Meteorology. These two universities carried out the 
burden to bring up most of the young Korean astronomers today. 

In 1965 the Korean Astronomical Society was founded to promote astronomical 
activities in Observatory (NAG). The NAO was inaugurated in 1974 as a research 
instilule under the Ministry of Science and Technology. The NAO has been reor¬ 
ganized a couple of times, ending up with the Korean Astronomy Observatory (KAO) 
today. 

There are now 7 universities with astronomy program, among which 5 universities 
have opened in the past several years. About one-fifth of the undergraduates continue 
on astronomy at the master's level. About half of the students who complete their 
master's work lend to go abroad for further advanced study, mostly to the U.S. since 
the last 15 years. 

Starting with the first Ph.D. in 1965, the number of Korean Ph.D.s increased steadily 
at a very slow rate until 1985. Since then it grew with a much faster pace. Now the 
number reaches 58. When we classify them in terms of their speciality, 16% of them 
belong to pure theoretical group, 29% to so-called 'analysis group' (who analyse data 
and interpret them theoretically) and 55% to observation group. In terms of the 
wavelength range of their interest, 14% are involved in the radio, 10%o in the IR, 66% in 
the optical and lO^^/'o in the UV and high energy astrophysics. 

There are now in various universities two dozens of telescopes with aperture ranging 
from 15 cm to 75 cm, among which two 61 cm and two 75 cm reflectors are in use for 
research, mostly devoted to stellar photometry. The KAO has a 61 cm and a 14 m radio 
telescope. The 61 cm reflector was set up in 1974 on the top of Mt. Sobaek (1384m 
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above sea level), but 150kms southeast of Seoul. The radio telescope, installed in 1986 
at Daeduk near Daejeon, operates at 80-120GHz, 35 55GHz and 150GHz. 

The KAO is constructing a new astronomical observatory at Mt. Bohyun to 
accommodate 3 new telescopes (1.8m and 1 m reflectors and a solar flare telescope). 
The 1.8 m telescope has alt-azimuth mounting with two Cassegrain foci ofF/8 and F/15 
to be used for CCD direct imaging and intermediate dispersion spectroscopy. The 1 m 
robotic telescope is designed for automatic and intermediate dispersion spectroscopy. 
The 1 m robotic telescop)e is designed for automatic CCD imaging and photometry. 
The solar flare telescope comprises two 20cm (F/8) and two 15 cm (F/15) refractors 
mounted on a single platform, almost identical to the one at Mitaka of the Optical 
Astronomical Observatory of Japan. 

The Korean astronomy has made steady progress for the last 20 years. It seems that 
she just got out of the preparatory period to put a firm basis for active researches. 
Vigorous programs are being planned in the KAO and various universities. Interna¬ 
tional participation is increasing at all levels. Planning for international collaboration 
is being considered and discussed seriously among the young colleagues. When the 
KAO 1.8 m, 1 m and solar telescopes are set up by 1994, the level of research activities 
will be greatly enhanced. 


★ ★★★★ 


Ch. V. Sastry 

Indian Mauritius radio telescope project: Since 1986 a Regional Collaboration pro¬ 
gram in astronomy training and research is in progress between India and Mauritius. 
Under this program we have built a large radio telescope for galactic centre observa¬ 
tions at Mauritius. This is a joint project of the University of Mauritius (UOM), Indian 
Institute of Astrophysics and the Raman Research Institute. The details of the telescope 
are already presented by my colleague, Kumar Golap of UOM. We have also initiated 
teaching of introductory astronomy and astrophysics at the B. Sc. level at UOM. 
Several staff members of the UOM were trained in India in astronomy and they are 
now working for the Ph. D. degree of UOM. 

This is perhaps the first time two developing countries got together in a major 
program of fundamental research. This successful south-south collaboration augurs 
well for future similar ventures. 


★ ★ ★ ★ ★ 
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Star Watching Programme: An Effective Way to Teach 
the Importance of Astronomy 


Syozo Isobe National Astronomical Observatory, Mitaka, Tokvo, Japan. 


Twinkling stars under a dark night sky look very beautiful. Experience of gazing at 
stars could be as pleasing and refreshing as looking at a beautiful flower. However we 
astronomers are interested and concerned with the composition and working of 
heavenly bodies and the universe as a whole. This is why we would like to use beauty of 
stars to attract young talent in our discipline. 

In our daily life astronomy plays a very little role. The common man is concerned 
with the calendar whose accuracy uplo a few days in a year is quite tolerable. On 
a deeper level one could however ask the questions like the beginning of the universe, 
w here it came from, how is the life created and evolved in the universe and so on? These 
questions till very recently fell in the realm of philosophy and religion. Now they have 
become very pertinent and valid in astronomy. Hence the study of astronomy can 
touch the people's imagination at a much deeper level as well. 

In 1987 a global network of observing night sky brightness was undertaken in Japan 
in strong collaboration with an Environmental agency that proposed to find an index 
of air pollution in diflerent places in Japan. .Astronomers joined this programme and 
many local governments extended their support for this project. It ran from the summer 
of 1987 to the winter of 1993. Our concern was to measure the light pollution. There 
were large numbers of local governments and other agencies that joined our star 
watching programme. The idea was basically to photograph the night sky over the 
entire country and from there to prepare the night brightness map of Japan. There is 
a long zone connecting Tokyo through Nagoya to Osaka (Tokaido Megalopolis) 
which contains a large fraction of population, several cities and intensive industries, 
highways and so on. In this zone the brightness is sometimes brighter than 17 
magnitude per square second of arc and people have completely lost sight of celestial 
objects in this zone. Fortunately there do exist some zones in Japan that are fainter than 
21 magnitude per square seconds of arc. 

Looking at a famous map oFEarth at Night' brightness produced by W. Sullivan, III 
you can find cities shining brightly. Since this map was obtained from a satellite, light 
detected was mainly emitted to the sky. This energy was totally lost without illumina¬ 
ting the objects for which it was intended. 

It is interesting to note that the brightness distribution map obtained from our star 
watching programme agrees very well with that of the satellite observation. This is very 
encouraging and exciting for all the people who participated in this programme 
because they feel they have made a scientifically valid observation. Thus our star 
watching programme has been very successful and has provided very useful data. 
Besides this has also, very important fall out in terms of astronomical education and 
creating interest in astronomy for people of all age groups. Some of them do ask 
questions about energy source for stars, galaxies and universe at large. This is good 
enough to arouse curiosity. 
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This programme had very strong support from the mass communication media as 
well, including radio, TV, newspapers, publicjournals and astronomical journals. It is 
hoped that astronomers in other countries will emulate our example and involve 
people at large in making a night brightness map of the earth. This will create awareness 
and interest in astronomy of global proportion. 
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